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Interactions between cationic and anionic polyelectrolyte and nonionic surfactants are 
investigated in the research project. They are critical for control of industrial products 
such as paints, detergents, cosmetics, pharmaceuticals, etc. One simple way to study 
such systems is to determine the clouding point of the mixture. The clouding point and 
phase behavior of polymer-surfactant systems are remarkably dependent on the 
polymer species, concentration, and molecular weight. Clouding behavior and the 
cloud point temperature (CPT) has been investigated for systems containing nonionic 
surfactant [Triton X-114, Triton X-100, or pentaethylene glycol monododecyl ether 
(C12E5)] and polyelectrolyte [anionic sodium polystyrenesulfonate (NaPSS) or cationic 
polydiallyldimethylammonium chloride (PDADMAC)]. It was observed that NaPSS of 
low molecular weight may increase CPT, while its counterpart of high molecular 
weight depresses CPT. For PDADMAC, the CPT is always reduced. Upon heating 
slightly above the clouding point temperature, the mixture will separate into two 
macroscopic phases. From UV-Vis spectrum, it is found that one phase is surfactant 
rich and the other is surfactant lean.  The concentration analysis for NaPSS is also 
conducted with UV-Vis, and reveals that the polymer is comparably partitioned in the 
two phases on the contrary. The electrostatic repulsion and hydrophobic interaction are 
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1.1 Introduction to Surfactants  
Surfactants, also known as surface active agents, have been widely used in almost 
every chemical industry: cosmetics, detergents, paints, dyestuffs, pesticides, 
pharmaceuticals, fibres, plastics. Since the first surface-active product was prepared 
commercially by C.Scholler in Germany in 1930, they have been widely used in 
almost all industry fields [1].  Moreover, surfactants involve a vital role in the oil 
industry such as enhanced and tertiary oil recovery.  They are also occasionally used 
for environmental protection, e.g., in oil slick dispersants [2].  
 
The last decades have seen the extension of surfactant applications to high technology 
areas as electronic printing, magnetic recording, biotechnology and micro-electronics. 
Of the 5.5 million tons of surfactants used annually in the world today, roughly 45% is 
used in industrial applications and 5-7% in coatings and polymers. Therefore, a 
fundamental understanding of the surfactant’s physical chemistry, their phase behavior 
and their unusual properties is very important for most industrial plants. Moreover, an 
understanding of the basic phenomena involved in the application of surface active 
agents, such as in the preparation of emulsions and suspensions, in foams, in micro-
emulsions, in wetting and adhesion, etc., is of vital importance in arriving at the right 
composition and control of the systems involved.  Nowadays, many of the application 
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areas such as detergents and cleaning products are considered mature industries. 
However the demands of ecology, population growth, fashion, raw materials resources, 
and marketing appeal have caused research on the fundamental and applied aspects to 
continue to grow at a healthy rate. In addition, along with the progress of other 
scientific fields, some new concepts and theories have been developed and can be used 
to study surfactant materials.  They can also help develop new research areas and 
applications, and provide a healthy future for the products. 
 
Surfactants can reduce interfacial tension, form micelles or other meso-structures in 
solutions. It is a chemical that stabilizes mixtures of oil and water by reducing the 
surface tension at the interface between the oil and water molecules. Because water 
and oil do not dissolve in each other, a surfactant has to be added to the mixture to 
keep it from separating into layers [3].  
 
Nonionic surfactants have no ionizable groups in their molecules, so they have less 
reactivity than ionic surfactants and do not ionize in aqueous solutions. In this work, 
non-ionic surfactants Triton X series such as Triton X114 and Triton X100, and C12E5 
were used. The Triton X series polydisperse surfactants are used mainly as detergents, 
solubilizers, emulsifiers and solvents. They are employed in many liquids, pastes, and 
powdered cleaning compounds, ranging from heavy duty industrial products to gentle 




1.2 Introduction to Polymers and Polyelectrolytes 
Polymer is an important substance for many industries such as plastics, additive, 
coatings, adhesives, etc. A polymer is a large molecule (macromolecule) composed of 
repeating structural units typically connected by covalent chemical bonds. The most 
basic property of a polymer is the identity of its constituent monomers. Another 
important property is microstructure, which essentially describes the arrangement of 
these monomers within the polymer at the scale of a single chain. These basic 
structural properties play a major role in determining bulk physical properties of the 
polymer, and how the polymer behaves as a continuous macroscopic material. 
Chemical properties, at the nano-scale, describe how the chains interact through 
various physical forces. At the macro-scale, they describe how the bulk polymer 
interacts with other chemicals and solvents. 
 
The physical properties of a polymer are strongly dependent on the size or length of 
the polymer chain. If the chain length of polymer is increased, their melting and 
boiling temperatures increase quickly. Impact resistance also tends to increase with 
chain length, as does the viscosity, or resistance to flow, of the polymer in its melt 
state. Chain length is related to melt viscosity roughly as 1:10, so that a tenfold 
increase in polymer chain length results in a viscosity increase of over 1000 times.  
Increasing chain length furthermore tends to decrease chain mobility, increase strength 
and toughness, and increase the glass transition temperature (Tg). This is a result of the 
increase in chain interactions such as Van der Waals attractions and entanglements that 
come with increased chain length. These interactions tend to fix the individual chains 
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more strongly in position and resist deformations and matrix breakup, both at higher 
stresses and higher temperatures. 
 
 The attractive forces between polymer chains play a large part in determining a 
polymer's properties. Because polymer chains are so long, these inter-chain forces are 
amplified far beyond the attractions between conventional molecules. Different side 
groups on the polymer can lead to ionic bonding or hydrogen bonding between its own 
chains. These stronger forces typically result in higher tensile strength and higher 
crystalline melting points. 
 
The intermolecular forces in polymers can be affected by dipoles in the monomer 
units. Polymers containing amide or carbonyl groups can form hydrogen bonds 
between adjacent chains; the partially positively charged hydrogen atoms in N-H 
groups of one chain are strongly attracted to the partially negatively charged oxygen 
atoms in C=O groups on another. These strong hydrogen bonds, for example, result in 
the high tensile strength and melting point of polymers containing urethane or urea 
linkages. Polyesters have dipole-dipole bonding between the oxygen atoms in C=O 
groups and the hydrogen atoms in H-C groups. Dipole bonding is not as strong as 
hydrogen bonding, so polyester’s melting point and strength are lower than Kevlar's 
(Twaron), but polyesters have greater flexibility.  
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Ethene, however, has no permanent dipole. The attractive forces between polyethylene 
chains arise from weak van der Waals forces. Molecules can be thought of as being 
surrounded by a cloud of negative electrons. As two polymer chains approach, their 
electron clouds repel one another. This has the effect of lowering the electron density 
on one side of a polymer chain, creating a slight positive dipole on this side. This 
charge is enough to attract the second polymer chain. Van der Waals forces are quite 
weak, however, so polyethene can have a lower melting temperature compared to other 
polymers [4]. 
 
Polyelectrolytes are used in a number of technical applications, such as film and textile 
industry, paper industry, mining industry and in medicine and pharmacy. A 
polyelectrolyte is a salt between a charged polymer (polyion) and its counterions. In an 
aqueous solution, the counterions distribute according to the balance between 
entropically driven dissociation of counterions from the polyion, and a Coulomb 
attraction between the counterions and the polyion. The balance is determined by the 
charge density of the polyion, the valency of the counter ion, the polarity (dielectric 
constant) of the solvent, the polyelectrolyte concentration, and the concentration and 
valency of added salt. Polyelectrolytes are polymers whose repeating units bear an 
electrolyte group. These groups will dissociate in aqueous solutions (water), making 
the polymers charged. Polyelectrolyte properties are thus similar to both electrolytes 
(salts) and polymers (high molecular weight compounds), and are sometimes called 
polysalts. Like salts, their solutions are electrically conductive. Like polymers, their 
solutions are often viscous. Charged molecular chains, commonly present in soft 
matter systems, play a fundamental role in determining structure, stability and the 
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interactions of various molecular assemblies. Theoretical approaches to describing 
their statistical properties differ profoundly from those of their electrically neutral 
counterparts, while their unique properties are being exploited in a wide range of 
technological and industrial fields. One of their major roles, however, seems to be the 
one played in biology and biochemistry. Many biological molecules are 
polyelectrolytes. For instance, polypeptides (thus all proteins) and DNA are 
polyelectrolytes. Both natural and synthetic polyelectrolytes are used in a variety of 
industries. 
 
Polyelectrolyte possesses a charge due to the entropically driven counterion 
dissociation, leading to intramolecular electrostatic interactions. For polyelectrolytes 
the counterion entropy of mixing is large. In fact, due to the small size and large 
number of counterions, the entropy related to the counterions is more important than, 
e.g., the chain mixing entropy for the polyelectrolyte systems. This large entropy 
contribution favors mixing, and results in an increased solubility of polyelectrolytes. 
Therefore, a polymer may be made soluble (in polar solvents) by introducing charges. 
For example, polystyrene is very poorly soluble in water whereas polystyrene 
sulfonate is readily soluble. In this research work, we used polystyrene sulfonate as an 
anionic polyelectrolyte and PDADMAC as a cationic polyelectrolyte. 
 
1.3 Objective and Organization 
Industrially, surfactants and polymer together are widely used in daily care product 
industry. The behavior of surfactant-polymer compounds in aqueous solution has been 
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of interest for years. However, the information and knowledge on such mixture are 
frequently not implemented or explored to the maximum extent in many application 
areas. One possible reason could be due to the interaction between surfactant and 
polymer molecules like binding of sites surfactant on polymer and the conformation 
change in polymer molecules is not easy to be identified or have not been well 
understood. Accordingly, deeper understanding of the physicochemical properties and 
behavior of surfactant-polymer mixture is necessary. Researchers and scientists in both 
industry and academia are paying more attention to understand the interaction in 
surfactant-polymer mixture. There has been a dramatic progression of research activity 
in this area for the last couple of decades to study the interaction and complexation of 
surfactant-polymer compound. For instance, many experiments have been carried out 
to investigate various effects, such as charge, pH, hydrophobicity, etc., on the self-
assembly, phase behavior and viscosity of the mixture.  
 
In addition, some studies regarding the interaction mechanisms like bridging 
flocculation and depletion flocculation mechanism have been performed by 
researchers. However, there is no absolute explanation of the molecular interaction in 
surfactant-polymer mixture. At present it can be said that the factors that influence the 
polymer surfactant behaviors are the structure of polymer, molecular weight of 
polymer, tendency of surfactant or polymer to self aggregate, the presence of salt, the 
type of salt, and the nature of surfactant. Likewise, this thesis conducts a similar yet 
alternate way of experiment to study the molecular interaction and complexation 
between surfactant and polymer.  
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The aim of this research is to perform a systematic investigation of the effect of the 
polyelectrolyte on surfactant clouding. The investigations were done using the 
NaPSS/TX 114 system, NaPSS/TX 100 system, NaPSS/ C12E5 system, 
PDADMAC/TX 114 system and PDADMAC/TX 100 system. We concentrate on the 
interaction between nonionic surfactants (TX 100, TX 114, and C12E5) and two types 
of polyelectrolyte (cationic polyelectrolyte (PDADMAC) and anionic polyelectrolyte 
(NaPSS)).  
 
In this thesis, we carry out experiments to study the effect of different molecular sizes 
and different charged polyelectrolyte on cloud point of nonionic surfactants and their 
partition in separated phases. The presence of an additive, which is polymer in this 
thesis, can affect the association of surfactant with water, and this can be measured by 
the cloud point temperature of the solution. Thus, it is a convenient way to analyze 
these effects mentioned above based on the clouding behavior of surfactant-polymer 
mixture. The species partition analysis is conducted using UV-Vis spectrophotometer 
instrument to measure species composition and amount in each phase.  
 
And also in this thesis, we used constant surfactant concentration, and varying the 
polymer concentration only. Surfactant-polymer mixtures exhibit clouding behavior, 
similar to that of pure nonionic surfactant solution. We concentrate on the effect of 
varying concentration, molecular weight and different type of polyelectrolyte. Hence, 
by means of the results obtained, we will be able to examine and learn more about the 
molecular interaction in this nonionic surfactant-charged polymer mixture.  
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In this thesis, basic information regarding the surfactant, polymer and some recent 
research findings are discussed in Chapter 2. Particular attention is given to cloud point 
temperature and surfactant-polymer system, which are the main focus of this research. 
It is then followed by a description on experimental techniques in Chapter 3. The 
preparation of various sample solutions, experimental procedures are described in this 
chapter. Chapter 4 shows the results and data obtained in the form of table, graph and 
chart, analyze the data obtained and discuss the relevance of the results. Furthermore, 
the effect of different molecular sizes of polymer on cloud point of nonionic surfactant, 
the effect of charged polymer on species partition in different phases and the study on 
molecular interaction mechanism between surfactant and polymer molecules are 
discussed in this chapter. Finally, Chapter 5 summarizes the most significant findings 

















Surfactant is a low to moderate molecular weight compound. It consists of a water-
soluble (hydrophilic or polar) part and an oil-soluble (hydrophobic or hydrocarbon or 
non-polar) part. The hydrophilic part is called the head group and the hydrophobic part 
is called the tail group. The hydrophilic part is easily soluble in water but sparingly 
soluble or insoluble in oil. The hydrophobic part or hydrocarbon portion which can be 
linear or branched is readily soluble in oil but interacts only very weakly with the 
water.  
 
Surfactants are usually classified depending on the nature of their headgroup. Anionic 
and cationic surfactants have negatively and positively charged headgroups, 
respectively, while zwitterionic surfactants are both positively and negatively charged 
[5]. Nonionic surfactant headgroups carry no charge and these are mainly the ones 





Figure2.1. Schematic Illustration of the Various Types of Surfactants 
 
The two different hydrophilic and hydrophobic parts make the surfactant surface active 
in the sense that it adsorbs, or accumulates, at interfaces between polar and non-polar 
media, so that the headgroup is solvated in the polar medium and the tailgroup in the 
non-polar medium.  Examples of such interfaces are those between water and air or 
between water and oil.  An interface between hydrophobic and hydrophilic media is 
always energetically unfavorable and a system is always trying to minimize the 
interfacial area, thus minimizing the energy of the system.  This is the reason why oil 
droplets in water or water droplets in air obtain spherical shapes (neglecting 
gravitational effects). 
 
When a surfactant adsorbs to an interface, the free energy of that interface decreases 
(which is the reason for adsorption to occur) and therefore it becomes possible to have 
larger interfacial areas in the system. For example, if oil is mixed in water under 
stirring conditions, the formed droplets of oil in the water will be quite large. The 
droplets will eventually coalesce into bigger droplets to lower the interfacial energy, 
and then they rise to the surface due to the lower density of the oil.  However, if 
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surfactant is present it will adsorb to the water-oil interface, lower its surface energy so 
the droplets of oil will be much smaller and an emulsion is formed.  The emulsion can 
form a thermodynamically unstable macroemulsion, which eventually phase separates 
after some period of time, or a thermodynamically stable microemulsion. The 
surfactants ability to lower interfacial energies is also important in the formation of 
foams and dispersions.  Besides the ability to lower the surface energy, other properties 
of the adsorbed surfactant layer itself are of utmost importance. All these properties 
will of course be highly dependent on the surfactant structure. 
 
 
2.1.1 Nonionic Surfactants 
 
Nonionic surfactants are defined as surfactants possessing non-ionizable groups such 
as hydroxyl groups and ether linkages in their molecules as their hydrophilic groups. 
The hydrophilic property of the hydroxyl groups (-OH) and the ether linkages (-O-) is 
rather weak as they do not ionize in water. The nonionic surfactants have no ions in 
their molecules so they have less reactivity than the ionic surfactants and do not ionize 
in aqueous solutions.  
 
The chemical stability and their ability to be compatible with all types of surfactants 
make them more advantageous as detergents, emulsifiers, and for chemical study than 
the ionic surfactants. Their structures provide the synthetic opportunity to design the 
required degree of solubility into the molecule by systematically varying the 
proportions of the ethylene oxide and hydrocarbon parts. The effects of hydrophilic 
and hydrophobic groups are consequently varied, leading to HLB (Hydrophile-
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Lipophile Balance) values and solubility in different solvents change, since in aqueous 
solutions the water molecules are affixed to the ether oxygen by hydrogen bonding. 
Table 2.1 shows a comparison between anionic and polyoxyethylene type nonionic 
surfactants showing the advantage of polyoxyethylene non-ionic surfactants over the 
anionic surfactants. 
 
Nonionic surfactants are classified two types by terms of their hydrophilic group: 
polyethylene glycol type and polyhydric alcohol type. Polyethyleneglycol type 
surfactants are generally extremely soluble in water and used as detergents, dyeing 
auxiliaries and emulsifiers, but seldom used as textile softeners. Polyhydric alcohol 
type products are generally insoluble in water and used as textile softeners and 
emulsifiers. In this experiment, all nonionic surfactant used are polyethylene glycol 
type. They are manufactured by the addition of ethylene oxide, with a hydrophilic 





Figure 2.2. Schematic Diagram of Manufacture of Non-ionic Surfactant by 
Addition of Ethylene Oxide [6]. 
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Table 2.1 Comparison between Anionic Surfactants and Polyoxyethylene Type 





 Anionic Surfactants 
Polyethylene glycol ether 
type nonionic surfactants 
Foaming Property Strong in general Weak in general ( favorable 
in industrial uses) 
Penetrating Property On a level with AEROSOL 
OT at maximum 
Products on a level with or 
superior to AOT are 
available. 
Detergency Generally medium level Products with high 
detergency are readily 
available. 
Emulsifying and dispersing 
property 
Sometimes fairly good Products suitable for each 
application can be produced 
freely by adjustment of 
number of EO moles. 
Use as dyeing auxiliaries Leveling agents for acid 
dyes.etc. 
Leveling agent for 
indanthrene and complex acid 
dyes, etc. 
Effects at low concentration Effects deteriorate sharply 
because of their high CMC. 
Sufficient effects can be 
expected at fairly low 
concentration because of their 
low CMC. 
Product form Paste in general, sometimes 
powder 
It is easy to prepare liquid 
products( convenient to use) 
Price ( in term of active 
ingredients) 
Least expensive Sometimes more expensive 
than anionics. 
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When temperature of an aqueous solution of a polyethylenglycol type nonionic 
surfactant is raised gradually by heating, bonded water molecules are disconnected one 
by one in accordance with the increase of temperature, and the hydrophilic property of 
the surfactant is decreased accordingly. Eventually, the surfactant becomes insoluble in 
water, and is suddenly separated out from the water. And the solution turns turbid. This 
temperature is called cloud point temperature. So polyethylene glycol type surfactants 
have the property of dissolving in water at a temperature below their cloud point and 
not doing so above their cloud point. And the cloud point can be used conveniently as 
a value indicating the hydrophilic property of a non-ionic surfactant. 
 
For the non-ionic surfactant the temperature at which clouding occurs depends on not 
only the structure of the polyoxyethylenated surfactants but also the compositions of 
the aqueous solutions, especially additive effects. 
 
Above the clouding point temperature, the solution tends to separate into two phases. 
One of the phases is surfactant-rich, whereas in the other the surfactant concentration 
is normally quite small. The nature of the micellar shape when this point is approached 
is somewhat controversial at the present time and has not been understood well 
although most researchers show the size of the micelles becomes larger near this point. 
 
Triton X series, also known as iso-octyl phenol ethoxylate, is a main class of nonionic 
surfactants. They are prepared by the reaction of isooctylphenol with ethylene oxide. 
Triton X-45, Triton X-114, Triton X-100, and Triton X-102 are the commonly used 
surfactants in Triton series. Among different types of oxyethylene based non-ionic 
surfactants, Triton X surfactant is one of the most commercially and industrially useful 
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surfactants. They have been used as industrial and household detergent applications 
and emulsifying agents. 
 
The molecular formula for Triton X-100 is CH3C(CH3)2CH2C(CH3)2O(CH2CH2O)9.5H 
and for Triton X-114 is CH3C (CH3)2CH2C(CH3)2O(CH2CH2O)7.5H. Triton X-100 is 
widely used as detergent in molecular biology and Triton X-114 is used for 
preconcentration in analytical chemistry [8]. 
 
The molecular structure of the Triton X series is as shown in Figure 2.3. 
 
Figure2.3. Molecular Structure of Triton X- Series 
 
The “n” value represents the average number of ethylene oxide units in the ether chain 
of the products.  The monodisperse surfactants which are comprised oxyethylene 
chains of only one length are expensive and not readily available. 
 
The typical properties of the surfactants’ characteristic findings by some manufacturers 
and researchers (Rohm & Hass Company, USA: Philadelphia. 1986) are shown in 
Table 2.2. 
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Table 2.2  Some physical properties of Triton X Surfactants 
Features Triton X-45 TritonX-
114 
Triton X-100 TritonX-102 
Average EO units 5 7-8 9-10 12-13 
Average molecular mass 
(g/mol) 
426 536 624 756 
Physical Form Liquid Liquid Liquid Liquid 
Brookfield Viscosity at 
25oC, cps 
290 260 240 330 
Density at 25oC, lbs/gal 8.7 8.8 8.9 8.9 
Cloud Point(oC) (1% 
solution) 
<0 22 65 88 
Surface Area *(A2) 42 50 48-54 - 
Surface Tension of 1% 
aqueous solution (dynes/cm 
at 25 oC) 
28 29 30 32 
*Surface area is the area per molecule in square Angstroms at the air-water interface. 
These Triton X series surfactants are also important ingredients of primary emulsifier 
mixtures used in the manufacture of emulsion polymers, stabiliser in latex polymers 
and emulsifiers for agricultural emulsion concentrates, and wettable powders[9]. 
Another two advantages of the product over other non-ionic surfactants are that firstly 
they are relatively cheaper than other important surfactants in commercial markets, and 
secondly they have no serious toxicity or dermatology problems associated with free 
phenols and free hydrophobes. 
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In water, Triton X molecules may exist as monomers at very low concentrations and 
most of them gather at the air-solution interface which can reduce dramatically the 
surface tension. When the CMC (critical micelle concentration) is reached, the 
molecules form micelles in the bulk solutions. The shape, size and association with 
water molecules of the surfactant micelles have been studied by many researchers. 
NMR, Raman, and UV spectroscopy and light scattering techniques have been 
employed to acquire the information. 
 
Another kind of non-ionic surfactant, C12E5 (pentaetylene glycol monododecyl ether) is 
used in this thesis. It is also one kind of polyethylene glycol type non-ionic surfactants. 
It possesses both the hydroxyl group and ether linkages. Figure 2.4 shows that the 
schematic diagram of C12E5 (pentaetylene glycol monododecyl ether).Their behaviour 
is similar to Triton X series. Generally, Triton X series group can be called as C8PhE 
and poly (oxyethylene) ether type group as C12E. So we can group them as CnEm 
whereas n represents chain lengths of alkyl and m represents oligooxyethylene chains. 
Compared to Triton series, C12E5 does not have phenyl rings. As a phenyl group is 
considered to be equivalent to three or four carbons in straight chains, the two types 
must be a certain similarity.  
 
Figure 2.4 Molecular Structure of C12E5 ( pentaethylene glycol monododecyl ether) 
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2.2 Polymer and Surfactants  
Polymers and surfactants are used extensively in a wide variety of industrial, cosmetic, 
and pharmaceutical applications. In many, if not most, such cases their encounter is 
unintentional in the sense that they are added for their independent function rather than 
for those arising out of their mutual interactions. For example, polymers are often used 
in formulations for controlling the rheology of solutions and suspensions and for 
altering the interfacial properties of solids. Surfactants are used for altering the 
wettability, solubilization and emulsification properties by changing the properties of 
the interfaces involved. Polymers and surfactants solutions can interact with each other 
leading to significant alterations in properties which are often considered undesirable. 
 
On the other hand, they may well be beneficial. Though limited, there are examples of 
systems in which the interaction between the polymer and the surfactant is exploited or 
circumvented to provide the beneficial effects sought from a formulation. Some of the 
potential benefits arising from the positive effects of polymer-surfactant interactions 
have been reviewed elsewhere.  
 
Research in the area of polymer- surfactant interactions has accelerated rapidly over 
the last few decades, driven in part by the many current or foreseen applications for 
instance in pharmaceutical formulations, personal care products, food products, 
household and industrial detergents, paints and coatings, oil drilling and enhanced oil 
recovery fluids, etc., but inspired also by fundamental interest in intermolecular 
interactions and hydrophobic aggregation phenomena.  
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Quantitative aspects of such studies may include the direct measurement of properties 
such as viscosity, conductance, volumetric and thermochemical parameters, the 
determination of surfactant binding isotherms by various methods, and the elucidation 
of the often highly complex phase diagrams. Qualitatively, from the early studies on 
investigators have relied on model descriptions and the systematic understanding of 
polymer-surfactant interactions to guide them in designing new systems and new 
applications. Modern spectroscopic tools such as NMR and fluorescence methods have 
been highly instrumental in increasing our understanding of the molecular basis for 
such models. 
 
Comparison between results from different groups is often difficult due to the fact that 
most polymers are polydisperse and sometimes even of uncertain composition. 
Polymer molecular weight is an important variable determining phase boundaries, and 
needs to be known for such comparisons. For this reason, studies with low Mw/Mn 
polymer samples of known and systematically varied chemical composition are 
needed. In general, the study of phase equilibrium, and investigations of the molecular 
structure of the concentrated phases and gels are among the most active and rewarding 
areas of current research. 
 
The solubility of a polymer in water is determined by the balance between the   
interactions of the hydrophilic and hydrophobic polymer segments with themselves 
and with the solvent. Aqueous solutions containing both polymers and surfactants 
display an apparently varied and indeed sometimes bewildering pattern of properties, 
due to the many variations in molecular structures available to the investigator or 
formulator. 
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2.2.1 Polymer-Surfactant Interaction and Phase Separation 
 
Polymer- Surfactant association occurs for certain systems in dilute solution depending 
on the nature of the polymer and surfactant. Ionic surfactants are commonly found to 
associate with various polymer types whilst non-ionic surfactants generally tend not to 
associate. Both ionic and non-ionic surfactants, however, associate with 
hydrophobically modified polymers. 
 
Associative behavior has been observed in the following systems: 
(a)Non-ionic surfactant and ionic surfactant (Weak to strong association can occur) 
(b)Oppositely charged polymers and surfactants (Strong association occurs) 
(c) Hydrophobically modified polymers (associative thickeners) and non-ionic 
surfactant and ionic surfactants (Association occurs with all surfactant types. 
Association is strongest with ionic surfactants) 
(d)Non-ionic polymer and non-ionic surfactant (Weak association occurs only for 
certain systems (e.g. polyacrylic acid and alkyl ethoxylates) [35]. 
 
A fundamental property of surfactants is their ability to form aggregates when mixed 
with water. Common types of aggregates are micelles. They begin to form at a specific 
concentration called the critical micelle concentration, cmc, which is dependent on the 
surfactant structure. Below the cmc the surfactants are solubilized as monomers in the 
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solution. Micelles begin to form at the cmc and all additional surfactant added above 
the cmc forms or goes into the micelles.  
 
Many reviews and books concerning the association between polyelectrolytes and 
oppositely charged surfactants have been written [36-37]. There are different types of 
polymer – surfactant interactions. They are (i) Van Der Waals forces (ii) Electrostatic 
Double Layer Forces (iii) DLVO Forces (iv) Non- DLVO Forces (v) Hydrophobic 
Interactions (vi) Steric Forces (vii) Special Forces due to the presence of polymers and 
polyelectrolytes (bridging forces). 
 
The interaction can be understood considering electrostatic and hydrophobic 
interactions [38]. It has been found that an attractive force, much larger than the 
expected van der Waals force, acts between hydrophobic surfaces immersed in 
aqueous solutions. Many different explanations for the long-range attraction have been 
suggested but even up to this date the cause is not clear. Some of the suggestions that 
have been proposed will be mentioned below. One explanation is that the water 
molecules close to the hydrophobic surface are reoriented much like the situation that 
exists close to a hydrocarbon chain in solution, The attraction between two 
hydrophobic surfaces would in such case be similar to the hydrophobic attraction 
between hydrocarbon chains in solution, i.e. the hydrophobic effect [39]. 
 
At low concentrations, the surfactant binds individually to the polyelectrolyte through 
electrostatic interactions. Some degree of hydrophobic interaction can also contribute 
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depending on the hydrophobicity of the polyelectrolyte. A cooperative association 
occurs at the critical aggregation concentration, cac, as the concentration is raised due 
to hydrophobic interactions between the surfactant tails. The cac is always lower than 
the cmc because of entropy increase for the polyelectrolyte and surfactant counter-ions 
following the aggregation. This aggregation process leads in some cases to a bead- 
and- necklace type structure, where surfactant aggregates are located along the 
polyelectrolyte chain. 
 
Micellization occurs at a critical concentration referred to as the critical micelle 
concentration (CMC). The CMC is higher for ionic surfactants than non-ionic 
surfactants owing to the strong electrostatic repulsions between the charged head 
groups. The addition of electrolytes to such systems reduces the repulsions and hence 
lowers the CMC. Furthermore, the interaction of the surfactant aggregates with a 
polymer chain also reduces the repulsions between the head groups and hence this is 
one of the driving forces which promote the association process. Since repulsions 
between the head groups of non-ionic surfactants are much weaker than those between 
charged surfactants, the former have a much lower tendency to associate with 
polymers. 
 
If the polymers are added to the surfactants, they can from aggregates due to 
cooperative interaction similarly to the micelle formation [10]. Because of the 
cooperative nature of the polymer-surfactant interaction, it can be characterized by a 
critical interaction concentration of the surfactant, which is usually called the critical 
aggregation concentration (cac). Below this concentration, there is no aggregation 
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between the surfactant and polymer. As the surfactant concentration exceeds the cac, 
the surfactant starts to bind the polymer. 
 
It has been customary to classify polymer-surfactant interactions according to polymer 
or surfactant charge, and according to concentration region. Most studies concerned 
with the determination of surfactant binding to polymers are carried out at low polymer 
concentration, with surfactant concentrations determined by the binding region. On the 
other hand, phase equilibrium and phase diagrams are normally studied at higher 
concentrations. Already some of the earliest studies in polymer-surfactant systems, 
especially those involving nonionic surfactants, point out that considerable change in 
system properties can be observed even though there is no observable change in 
critical micelle concentration, cmc. On the other hand, for polyelectrolyte and 
surfactants of opposite charge, surfactant binding is clearly observable and may start at 
concentrations two or three orders of magnitude below the cmc. 
 
An important effect of polymer-surfactant complexation is that it may alter the phase 
behavior of the polymer and the surfactant. For example, mixtures of oppositely 
charged polymer-surfactant pairs may give rise to associative phase behavior, where 
the attractive electrostatic interaction between the polymer and the surfactant causes 
separation of much of the surfactant and polymer in a concentrated phase, which is in 
equilibrium with a more dilute phase[5, p 215-259]. 
 
It is well known that many soluble polymers have an inverse solubility/ temperature 
relationship, and their solutions exhibit a “cloud point”. Examples are polymers based 
on polyalkylene oxides and those with multiple amide groups, or multiple 
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ether/hydroxyl groups, found in several water-soluble cellulose based materials. While 
the phenomenon, in general terms, is explained as being due to “dehydration” of polar 
groups such as ether, amide, hydroxyl, etc., it is well known that it can often be offset 
by the addition of ionic surfactants which can result in increases in cloud point of 
several degrees. This phenomenon seems to be a clear case of polymer/ surfactant 
interaction and the formation of complexes of increased intrinsic solubility. Practically 
speaking, prevention of clouding in formulations can be important for maintaining 
viscosity and the stability of matter in suspension. 
 
Determination of the clouding point temperature is one of the most convenient ways to 
study the interaction of polymer and surfactant and their phase behavior. Cloud point is 
one of the characteristics of nonionic surfactant aqueous solutions. If the point is 
reached a transparent solution becomes cloudy then phase separation occurs which 
means water is no longer a good solvent for the surfactant. Usually cloud point is used 
to evaluate the hydration of the surfactants. It is a temperature at which the surfactant 
molecules begin to lose sufficient water solubility to perform some or all of its 
functions as a surfactant. 
 
Phase separation is commonly observed in polymer-surfactant systems. The solution 
tends to separate into two phases. One of the phases is surfactant-rich, whereas in the 
other the surfactant concentration is normally quite small. The nature of the micellar 
shape as this point is approached is somewhat controversial at the present time and has 
not been understood well although most researchers show the size of the micelles 
becomes larger near this point. For the nonionic surfactant the temperature at which 
clouding occurs depends on not only the structure of the polyoxyethylenated 
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surfactants but also the compositions of the aqueous solutions, especially additive 
effect. Until now the researchers exactly cannot find the mechanism by which phase 
separation occurs. 
 
At the clouding point temperature, the micellar solutions become turbid or cloudy, and 
after a while separate into two phases. The hydrogen- bonding between water 
molecules and polar portions of the surfactant is broken. On the other hand, the 
increased temperature increases the chances of collision among the micelles. During 
collision the micelles join to form larger micelles. Many water molecules are freed 
from binding and form a water-rich phase which has a small concentration of 
surfactant binding. 
The micelles form the other phase in which the surfactant concentration is enriched. 
The presence of a solubilizate affects the cloud point or phase separation temperature. 
The sign (increase or decrease) and magnitude of the effect depend on the species, and 
on the amount of solubilizate. 
 
Meckay found that non-ionic micelles grow up to the clouding point and hence phase 
separation occurs [11]. Conti and Degiorgio reported that the cloud point is the lower 
consolute temperature of a binary mixture [12]. This indicates that the micelles come 
together as the temperature is approached and at the clouding point they separate out as 
the second phase.  
 
Kjellander et al. suggested that this increased interaction is the result of strong entropy 
dominance [13]. The ethylene oxide chains of the surfactants are highly hydrated and 
well structured (less entropy). When two micelles approach each other, there is an 
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overlap of hydration spheres and some water molecules are freed, thereby increasing 
the entropy. At the cloud point this increase in entropy is larger and the corresponding 
ΔG is much more negative than the arising from the repulsive forces. Hence, the total 
free energy change is negative and the cloud point occurs. The influence of an additive 
on the cloud point depends on how it affects the intermicellar interactions. 
 
The precise structure of a polymer-surfactant complex will of course depend on the 
structures of the molecules involved, in particular the hydrophobicity and molecular 
weight of the polymer, and the charge and shape of the surfactant.  
 
 
2.2.2 Effect of Polyelectrolytes on Surfactant 
 
Polyelectrolytes can dissolve in aqueous solution. In many cases, it is a linear 
macromolecular chain bearing a large number of charged or chargeable groups when 
dissolved in a suitable polar solvent, generally water. They are polymers whose 
repeating units bear an electrolyte group. These groups will dissociate in aqueous 
solutions (water), making the polymers charged. Polyelectrolyte properties are thus 
similar to both electrolytes (salts) and polymers (high molecular weight compounds), 
and are sometimes called polysalts. Like salts, their solutions are electrically 
conductive. Like polymers, their solutions are often viscous. Charged molecular chains 
play a fundamental role in determining structure, stability and the interactions of 
various molecular assemblies including surfactants. Polyelectrolytes can be divided 
into 'weak' and 'strong' types. A 'strong' polyelectrolyte is one which dissociates 
completely in solution for most reasonable pH values. A 'weak' polyelectrolyte, by 
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contrast, has a dissociation constant (pKa or pKb) in the range of ~2 to ~10, meaning 
that it will be partially dissociated at intermediate pH. Thus, weak polyelectrolytes are 
not fully charged in solution, and moreover their fractional charge can be modified by 
changing the solution pH, counter-ion concentration, or ionic strength. 
 
The physical properties of polyelectrolyte solutions are usually strongly affected by 
this degree of charging. Since the polyelectrolyte dissociation releases counter-ions, 
this necessarily affects the solution's ionic strength (measure of the concentrations of 
ions in the solution), and therefore the Debye length (the distance over which 
significant charge separation can occur). This in turn affects other properties, such as 
electrical conductivity. When solutions of two oppositely charged polymers (that is, a 
solution of poly-cation and one of poly-anion) are mixed, a bulk complex (precipitate) 
is usually formed. This occurs because the oppositely-charged polymers attract each 
other and irreversibly bind together. 
 
However, the conformation of any polyelectrolyte is effected by a number of factors: 
notably the polyelectrolyte architecture, solvent affinity & charge. The charges on a 
linear polyelectrolyte chain will repel each other (Coulomb repulsion), which causes 
the chain to adopt a more expanded, and rigid-rod-like conformation. If the solution 
contains a great deal of added salt, the charges will be screened and consequently the 
polyelectrolyte chain will collapse to a more conventional conformation (essentially 
identical to a neutral chain in good solvent). The poly-anion is readily soluble in water, 
and insoluble in lower alcohols. The solid appears as light yellow powder.  
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Polyelectrolytes have many applications [14], mostly related to modifying flow and 
stability properties of aqueous solutions and gels. For instance, they can be used to 
either stabilize colloidal suspensions, or to initiate flocculation (precipitation). They 
can also be used to impart a surface charge to neutral particles, enabling them to be 
dispersed in aqueous solution. They are thus often used as thickeners, emulsifiers, 
conditioners and flocculants. They are used in water treatment and for oil recovery. 
Many soaps, shampoos, and cosmetics incorporate polyelectrolytes. Addition of 
polyelectrolyte affects many bulk properties such as viscosity, turbidity & stability and 
it will be interesting to study the effect of these phenomenon.  
 
For understanding a variety of phenomena in polyelectrolyte systems, poly (sodium-4 
styrene sulfonate) (NaPSS) has been widely used as an ideal macromolecule. NaPSS is 
used as a super plasticizer in cement, as a dye improving agent for cotton and as proton 
exchange membranes in fuel cell applications. The main important characterization of 
NaPSS behaviour is the balance between electrostatic forces due to segmental charge 
density and hydrophobic forces from the backbone.  
 
Until now most of the researcher found the two mechanisms for polymer-surfactant 
interaction. Nagarajan et al [15] considered that polymer segments present at the 
micellar surface penetrate into the region occupied by the surfactant ionic heads, and 
partially shield the contact area between the micellar hydrocarbon core and water. This 
effect is thought to constitute the main driving force for the complexation. On the other 
hand, the increased steric repulsions between surfactant head groups and segments at 
the micellar surface by the polymer shielding will oppose the complexation. Thus the 
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competition between the two tendencies will decide whether the cooperative 
complexation process actually occurs. 
 
Ruckebstein assumed that the adsorption of polymer on the micellar surface will 
induce a change in the microenvironment surrounding the micelles (from pure water to 
an aqueous polymer solution) since the polymer segment is less hydrophilic than water 
[16]. 
 
Consequently the change will bring about a decrease in the interfacial free energy 
between the micellar hydrocarbon core and the solvent, and will be the primary driving 
force for polymer binding to the surfactant micelles. Since the surfactant heads are 
hydrated and highly hydrophilic, the change of solvent from pure water to a aqueous 
polymer solution is assumed to result in an increase of the interfacial free energy 
between surfactant hydrophilic chains and the solvent, thus opposing polymer - 
surfactant complexation.  
 
Other models were proposed from different points of views. The weakness of them is 
that the penetration of polymer segments into the micelles will change the size and 
shape of the micelles, and it is quite hard to find the change. Also the length of 
polymer chain should be taken into account.  
 
For linear polymers, a general model has emerged, often referred to as the “necklace” 
or “beads-on-a-string” model, in which one or more small surfactant micelles reside 
within the random coil of the polymer. 
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Nikas and Blankschtein[17] proposed the necklace model to describe the interaction in 
bulk aqueous solutions and a set of conceptual steps in the calculation of the free 
energy have been worked out. 
 
Usually it is difficult to use this model in practice because of its ideality. Piculell, 
Bergfeldt and Gerdes[18] suggested employing "spaghetti-and meatballs" character for 
the polymer / surfactant aqueous solution systems. Segregation in the solutions may be 
influenced by the micellar size and surfactant head group - polymer interactions. 
Borisov and Halperin[19] used the concept of poly-soap micelles to describe the effect 
of bridging interactions in polymer surfactant solutions. In this theory the micellar size 
and length of the polymer chain are the main factors taken into consideration. 
However, so far few experimental observations have been explained with the theory. 
 
2.2.3 Effect of Salts on Nonionic surfactants- Polyelectrolyte Systems 
 
Furthermore, several authors have shown that electrolytes change the cloud point of 
nonionic surfactant but the relevant electrolyte concentrations are usually greater than 
0.1M. Most of the electrolytes have no effect on the clouding point below 0.01M. 
Most published work has investigated the effect of anionic and cationic surfactants on 
the clouding point of nonionic surfactant solutions or the effect of different electrolytes 
on the cloud point of ionic-nonionic solutions [20, 21, and 22].  
 
Alireza et al [23] also studied the effect of added surfactant such as zwitterionic, 
cationic and ionic surfactant on the nonionic surfactant. They mention that clouding 
point changes of mixed surfactant depend on the valence number of the counterion, 
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and discuss inter and intra micellar interactions about these clouding phenomena. 
Leszek [20, 21, and 22] also suggest that this effect is due to the change of counterion 
binding on the mixed ionic-nonionic micelles.  
 
Sayem Alam and Naqvi A.Z observed the clouding effect of additives of surfactant and 
polymers on drug [24]. It was observed that clouding point of these systems can be 
tuned with surfactants concentrations, pH and added polymers molecular weight. They 
suggest that polymers can cause both a decrease as well as an increase in clouding 
point depending on their molecular weight [24]. 
 
2.2.4 Effect of Different Molecular Weight of Polymer on the Surfactant- 
Polyelectrolyte Systems           
 
The response of the cloud point of a polymer to added surfactant is influenced by (i) 
the structure of the polymer, (ii) its molecular weight and molecular weight 
distribution, (iii) its tendency to self-aggregate, (iv) the presence of salt, (v) the type of 
salt, and (vi) the nature of the added surfactant, including the sign of its charge.  
There are many factors that affect the surfactant-polymer interaction such as the 
presence of net charges on one of the components, the type of the surfactant 
counterion, the length of the surfactant hydrophobic tail, the temperature and also, the 
molecular weight of polymer [25, 26, and 27]. These are the focus of this research. The 
molecular weight of polymer is believed to be an important factor since the length of 
polymer chain might affect the number of surfactant molecules that bind with polymer 
molecules to form combined micelles [28]. Studies [28, 29, and 30] have been carried 
out to investigate the effect of polymer’s molecular size on the surfactant-polymer 
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interaction, particularly on the anionic surfactant-nonionic polymer compounds. These 
studies showed that a minimum polymer molecular weight is needed for strong 
surfactant-polymer interaction. The interaction becomes more obvious as the 




















The nonionic surfactants used in this experiment were Triton-X 114 (TX 114), Triton-
X-100 and Pentaethylene Glycolmonododecyl Ether (C12E5). The polyelectrolytes 
which were being used in this experiment are two types: cationic polyelectrolyte called 
Polydiallyldimethylammonium Chloride (PDADMAC) and anionic polyelectrolyte 
called poly (sodium 4 – styrene sulfonate) (NaPSS). 
 
Triton-X 114 and Triton-X 100 of laboratory grade were obtained from Sigma Aldrich, 
and Pentaethylene Glycolmonododecyl ether ((C12E5) ≥98.0% (GC)) from Fluka 
BioChemika. Both were used without further purification. 
Polydiallyldimethylammonium Chloride used in this experiment has four different 
molecular weight ranges (very low MW, Low MW, Medium MW and High MW). The 
ranges of very low MW, Low MW, Medium MW and High MW are <100,000, 
100,000 – 200,000, 200,000-350,000, 400,000- 500,000 respectively. Poly (sodium 4-
styrenesulfonate)powders of average Mwt 70,000 and Mwt 1,000,000, as well as 
poly(sodium 4-styrenesulfonate) solution (30 wt% in water ) of average Mwt 200,000 
were also obtained from Sigma-Aldrich and used as received to prepare stock solutions 
of required concentrations. Ultra-pure water of Millipore quality from an ELGA Lab 
Water’s PURELAB Maxima systems having a resistivity of 18.2 MΩ.cm was used as 
the solvent for the preparation of all polymer and surfactant solutions.  
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3.2 Sample Preparation 
 
Samples for the cloud point temperature determinations were prepared by mixing stock 
solutions of polymer, surfactant, and water to the required concentrations in conical 
flasks. To investigate the clouding point temperature of the mixture of TX 114 and 
NaPSS or TX 100 and NaPSS or TX 114 and C12E5, stock solutions of each compound 
had to be made first. Stock solutions of 1 wt% TX 114 or 2 wt% TX 114 or 1wt% TX 
100 or 1wt% C12E5 were prepared by mixing the chemical in appropriate weights of 
ultrapure water in flasks. These flasks were then sealed with parafilm and magnetically 
stirred for at least 2 hours at room temperature until they were homogeneous.  
 
Stock solutions of NaPSS of molecular weight ~70,000 were prepared by dissolving 
the dry powder in ultrapure water to get required concentrations, sealed with parafilm 
and magnetically stirred for at least 6 hours at room temperature until they were 
homogeneous. The procedure is the same for NaPSS of molecular weight~ 200,000(30 
wt% solution in water) and molecular weight ~ 1,000,000. A similar procedure was 
employed for the preparation of PDADMAC stock solutions. 
 
 All stock solutions are kept in a refrigerator. All stock solutions are used within two 
weeks from the date of preparation to avoid evaporation and contamination, and are 
stirred for 15~ 20 min before mixing these solutions. Mixture solutions of polymer and 
surfactant were prepared by mixing appropriate amounts of the stock solutions to 
achieve desired final compositions. 
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Each mixture was then stirred again till a homogeneous solution was obtained. Sample 
solutions were stored in a refrigerator for at least 24 hr to complete hydration and 
interactions. All stock and sample solutions were used within two weeks to avoid 
contamination and degradations. 
 
3.3 Experimental Methods 
 
3.3.1 Measurement of Clouding Point Temperature (CPT) 
 
When a nonionic surfactant solution at or above its critical micelle concentration (cmc) 
is heated to the cloud point, it becomes turbid and then separates into two phases. The 
cloud point measurements were carried out in a water bath (Polyscience) equipped 
with a digital temperature controller. Each sample solution of approximately 10 cm 
height placed in a sealed test tube was put in the water bath (±0.01 oC) with 
temperature monitor and sensor. The temperature was gradually increased. The cloud 
point temperatures of various solutions were measured by visual detection. They were 
determined visually by noting the temperature at which the continuously heated 
solution suddenly became turbid. The temperature was increased slowly within 0.1 to 
0.5˙C if the solution was approaching cloudiness. To ensure thermal equilibrium and 
high accuracy of measurement, a small temperature increment was adopted. To detect 
the cloud point more accurately, 30 min was allowed between increments to ensure 
thermal stability, and the CPT experiments were repeated for all samples. The 
precision in the clouding point determination for samples of low concentration (<4 
wt%) was within 0.5 oC, while the determination was more (1oC) inaccurate  for 
higher concentrations. Throughout this research, temperature shown on controller was 
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checked by thermometer only. It is better to calibrate the water bath temperature 
controller to ensure the accuracy of the temperature reported. 
 
3.3.2 Measurement of Phase Separation  
 
Samples for the phase separation measurement were prepared by mixing stock 
solutions of polymer, surfactant and water in approximately 10 cm height glass tubes 
sealed with parafilm to the desired concentrations. Each sample was phase separated in 
the water bath at 2 C above the CPT of sample solution. They are allowed to stand for 
24 hrs for phase equilibrium to be attained. To calculate the volume ratio for the 
separated phase, the heights of the separated phases in the test tubes are measured and 
recorded. The solution from each phase was taken out by using an appropriate dropper 
and pipette for composition and concentration analysis. 
 
3.3.3 Measurement of Compositions in Separated Phases 
 
After phase separation, partition of each component in the top and bottom phase is 
determined by using a Shimadzu UV- Vis spectrophotometer 1601. A suitable dropper 
is used to extract the top phase and bottom phase. The separated phases are diluted by 
a factor of 200 before being analyzed using the UV-Vis Spectrometer. Samples are 
placed in a 10 mm cells (cuvette) for measurement. The sample spectrum within 200- 
400 nm wavelength is determined. From the measured specific peak absorbances of 
polymer and the surfactant at the corresponding wavelengths, the concentrations were 
determined from previously obtained calibration curves. These calibration curves were 
obtained from UV spectrum using TX 100 and NaPSS solutions at certain prescribed 
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concentration. They were acceptably linear. For mixtures, absorbance additivity has 
been checked to be valid without incurring much error. 
Below is the sample calculation of surfactant and polymer phase distributed in 
separated phases. We get the absorbance data for separated phases of diluted polymer 
and surfactant mixture from UV-Vis spectrometer.  
 
We can proof that the addition of the absorbance of the pure surfactant and pure 
polymer solution is equal to the absorbance of the surfactant polymer mixture (see 
detail in Appendix D).  From this observation, we can calculate concentration of 
separated phases by using respective calibration curves. 
 
Sample calculation for Species Distribution in Phases 
 
Absorbance of NaPSS + Absorbance of TX 100 =Absorbance of (TX 
100+NaPSS)mixture 
Calibration Curve equation, Absorbance = Slope x Concentration 
 
Therefore,  
Slope NaPSS at 276nm * Concentration NaPSS+ Slope TX 100 at 276nm * Concentration TX 100 =  
Absorbance (TX 100+NaPSS)mixture at 276nm    --------------------(1) and 
 
Slope NaPSS at 262nm x Concentration NaPSS+ Slope TX 100 at 262nm * Concentration TX 100 =  
Absorbance (TX 100+NaPSS)mixture at 262nm    ---------------------(2) 
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Equation (1) and (2) were solved simultaneously by Mathlab program to obtain the 
concentration of TX 100 and NaPSS for separated phases after dilution. 
Example case for 1wt% TX 100 and 1wt% NaPSS (Mwt~1,000,000) 
 
From lower layer, 
At 262nm, 0.3834 = CNaPSS* 0.0014 + CTX 100 *0.001 ----------------- (3) 
At 276nm, 0.7815 = CNaPSS* 0.0004 + CTX 100 *0.0023 ---------------- (4) 
After solving these two equations (3) and (4), 
CNaPSS = 35.5745 ppm (lower layer concentration after dilution 200 times) 
CTX 100 = 333.5957 ppm (lower layer concentration after dilution 200 times) 
From upper layer, 
At 262nm, 0.1028 = CNaPSS* 0.0014 + CTX 100 *0.001 ----------------- (5) 
At 276nm, 0.0786 = CNaPSS* 0.0004 + CTX 100 *0.0023 ---------------- (6) 
After solving these two equations (5) and (6), 
CNaPSS = 55.9716 ppm (upper layer concentration after dilution 200 times) 
CTX 100 = 24.4397 ppm (upper layer concentration after dilution 200 times) 
To get the actual concentration, we use the dilution equation as follows: 
M1V1= M2V2 
Con (actual) * 1 = Con (from eq) * 200 (200 times dilution) 
Phase distribution %   TX 100 lower= Con TX 100 Lower /( Con TX 100 Lower+ Con TX 100 Upper) 
*100 
Distribution % TX 100 upper= Con TX 100 upper /( Con TX 100 Lower+ Con TX 100 Upper) *100 
Distribution %  NaPSS lower= Con NaPSS Lower /( Con NaPSS Lower+ Con NaPSS Upper) *100 
Distribution %  NaPSS upper= Con NaPSS upper /( Con NaPSS Lower+ Con NaPSS Upper) *100 
(see detail in Appendix E). 
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CHAPTER 4 
RESULTS AND DISCUSSION  
 
4.1 Effect of Different Polyelectrolyte Concentrations and 
Molecular Sizes on Clouding Point Temperature of Non-ionic 
surfactants Triton X series 
 
 
Clouding Point Temperature can show hydrogen bonding between the hydrophilic 
parts of the surfactant molecules and water molecules. We can see clearly that same 
molar concentration but the longer the ethylene oxide chains for Triton X series, the 
higher the cloud points of their aqueous solutions. Triton X-100 and Triton X-114 have 
oxyethylene chain length (EO) 9.5 and 7.5 respectively. Compared with Triton X 114, 
Triton X-100 has longer polyoxyethylene chain length. Because of extensive hydrogen 
bonding with the solvent, longer oxyethylene chain have greater solubility in water. 
When the temperature of the solutions increases the hydration of these chains are lose.  
It hinders micelle formation/ micellar association and causes clouding point increases.  
It can be clearly seen that the hydrophobicity of the surfactant has involved an 




























Figure 4.1. The Effect of Different Molecular size of NaPSS on the Clouding Point    
of TX 114 (1wt% aqueous solution) 
 
The effect of addition of anionic polyelectrolyte NaPSS with different molecular 
weights (70,000, 200,000, and 1,000,000) on the clouding point temperature of 1 wt% 
aqueous solutions of Triton X-114 was investigated by using visual method. Figure 4.1 
shows the clouding point as a function of the NaPSS concentration.  
 
Non-ionic surfactants can show CPs which are dependent on the concentration and the 
presence of additives. It may be noticed that different molecular weights of NaPSS had 
different effects on clouding point temperature of 1 wt% non-ionic surfactant. The 
clouding point temperature increases with increasing concentration of low-molecular-
weight NaPSS, however it dropped drastically for high-molecular-weight NaPSS 
(1,000,000) at lower concentrations, but it increases again for higher concentrations.  
 
It may be cleared that the stability of TX 114 was affected through the addition of 
polyelectrolyte at different molecular weights and concentrations. These differences in 
the behavior of polymer-surfactant aggregates are probably due to the molecular 
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structure, concentrations of polymer and interactions between the polyelectrolyte ions 
to TX 114 micelles. 
 
It can be found that for the low molecular weight of NaPSS (70,000), clouding point 
starts to increase at very low concentrations. The increase in the cloud point means that 
the presence of small NaPSS can stabilize the micelles. The stabilizing mechanism is 
not clear yet, but is speculated as follows. One possibility is that anionic polyion forms 
mixed micelle with non-ionic surfactant, leading to the charge repulsion between 
micelles and their stabilization. It can be seen clearly that the increase of the cloud 
point is almost linear with increasing concentration of the NaPSS.  
 
Another possible explanation for this increase in clouding point is that NaPSS 
molecules with a molecular weight of only 70,000 are much smaller in size and thus 
they are able to penetrate into the inter-micellar gaps. So they act as barriers which 
hinder the micellar aggregation. These barriers prevent the surfactant micelles from 
approaching each other as easily because they are probably comparable in size to the 


































Figure 4.2. The Effect of Different Molecular size of NaPSS on the Clouding 
Point of TX 100 (1wt% aqueous solution). 
 
Figure 4.2 shows the results of cloud point for TX 100 in the presence of NaPSS. The 
presence of NaPSS cannot make the cloud point higher than the value of the pure TX 
100 solution. It was interesting to note that there is a slight dip in the clouding point 
temperature at lower concentrations of NaPSS (Mwt~70,000 and 200,000) followed by 
an increase. From these data, it can be inferred that molecular size of polymer and 
concentration are important factors in changing the clouding behavior of a polymer-
surfactant mixture.  
 
It can suggest that there could be a competing mechanism, the relative importance of 
which depends on the NaPSS concentration and molecular weight. This competing 
effect is thought to be depletion flocculation.  
 
At low polyelectrolyte concentrations, there could be too few NaPSS molecules to fill 
up the inter-micellar regions thus resulting in the formation of solvent-only regions 
which in turn results in depletion flocculation. However, because the concentration of 
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the NaPSS is very small, the osmotic pressure exerted is probably also relatively low, 
and hence the decrease in clouding point temperature is not significant.  
 
At higher NaPSS concentrations, inter-micellar spaces would be filled mostly with 
NaPSS molecules such that the barrier effect of the polyelectrolyte starts to dominate 
over depletion flocculation, causing a rise in clouding point temperature.  
 
For TX 114, the cloud point increase is greater for NaPSS (Mwt~ 200,000) than for 
NaPSS (Mwt~70,000) at 3wt% or higher. A possible explanation for this observation 
is that NaPSS molecules with Mwt~200,000 are larger than those with Mwt~70,000 
and thus they could probably act as more effective shields in hindering the aggregation 
of non-ionic surfactant micelles, leading to a higher cloud point. 
 
The results of clouding behavior for the high molecular weight NaPSS 
(Mwt~1,000,000) in Figure 4.1 show a different trend as compared with other 
molecular sizes of NaPSS. The explanation is probably the increased hydrophobicity 
with the polymer molecular weight, in addition to the stronger depletion flocculation. 
The former provides a more hydrophobic environment for micelles, making their 
aggregation easier. The latter arises from a larger difference in the osmotic pressure 
between micellar gap and the outer region, due to the large NaPSS molecules. 
 
Another reason for the change of clouding point can be explained by the effect of 
polymer chain length on the polymer-surfactant complex. When the polymer chain is 
too short, a polymer-surfactant complex can involve more than one polymer chain. 
Zana et al observed that size of polymer bound surfactant aggregates is much smaller 
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that of the free micelles [31]. Each polymer chain is too short to be shared by different 
micelles. 
 
 So the small anionic polymer associates with the surfactant micelle to form polymer- 
surfactant mixed micelle. Because of steric and solvation effects of the polymer chains, 
a repulsion effect arises. This can hinder micelles encountering with each other, and 
more energy is hence needed for clouding to happen. But if the polymer chain is large 
enough, the micelles can be wrapped or covered like a necklace model, in which one 
polymer chain can engage several micelles. They are compressed in a small volume 
within the polymer chain. Water molecules are driven down the concentration gradient, 
out of the inter micellar spaces and into the bulk of the aqueous solution. This effect is 
the main driving force for the complexation. The diffusion therefore reduces the 
number of water molecules, causing the micelle to aggregate at a lower temperature. 
Therefore, the clouding point temperature dropped for the high MW polymer.  
 
However, as the NaPSS concentration increases, a small increase in CPT was also 
noticed. At higher concentration of NaPSS, the water molecules might find it difficult 
to diffuse into the bulk solution due to the presence of a higher number of NaPSS 







4.2 Effect of Different Polyelectrolyte Concentrations and 












Figure 4.3. The Effect of Different Molecular Size of NaPSS on the Clouding 
Point of C12E5 (1wt% aqueous solution). 
 
The effect of different molecular weight and different concentration of anionic 
polyelectrolyte NaPSS on the clouding point temperature of 1 wt% nonionic 
surfactant, Pentaethylene glycol mono dodecyl ether (C12E5) was examined.  It can be 
seen from Figure 4.3 that the clouding point temperature change within the 
investigated range of NaPSS concentration is not as significant but the trend is similar 
to that of TX 114 system. A comparison suggests that the clouding point temperature 
with NaPSS (Mwt~200,000) could probably increase above that using NaPSS 
(Mwt~70,000) at higher concentration. 
Different from C12E5, TX 114 and TX 100 consist of a more highly branched 
hydrocarbon chain and a slightly longer polar ether chain. In addition, both NaPSS and 
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TX series contain benzene rings which could possibly enhance the hydrophobic 
interaction between the two species, making it easier for the NaPSS to associate more 
effectively with the Triton X micelles to act as barriers that inhibit aggregation of 
micelles. 
 
In general, the effects of molecular weight of the polyelectrolyte on the 3 non-ionic 
surfactants analyzed are similar. Exact reduction and increase in CPT differ for 
different species of non-ionic surfactants and can probably be attributed to their exact 
structural differences as well as differences in their behaviour in solution. 
 



















Previous studies have shown that NaCl is a typical salting-out electrolyte which 
decreases the CPT of nonionic surfactants and the decrease in CPT was found to be 
linearly related to the concentration of salt added. This means that the ions formed are 
excluded to a certain degree from the hydration shell of the surfactant micelles such 
that the micelles become less soluble in aqueous solution at any particular temperature. 
However, in this case it begs to differ, as it shows that as the concentration of NaCl 
increases, the cloud point of the mixed polyelectrolyte-non-ionic surfactant systems 
increases slightly.  
 
This could suggest that the addition of NaCl reduces the osmotic pressure difference 
because of decreased hydrodynamic radius which facilitates NaPSS penetration into 
the inter-micellar regions of the non-ionic surfactant. This enhances the barrier towards 
aggregation of micelles that obstructs phase separation. The observed trends from 
Figure 4.4 were also linear with increasing concentration in either case. It was also 
noted that the increase of CPT was smaller in the case of lower molecular weights of 
NaPSS. This could also suggest that the reduction of osmotic pressure difference was 



























Figure 4.5. The Effect of SDS on the Clouding Point of NaPSS-TX 114 System. 
 
Many studies have shown that the cloud points of nonionic surfactants are drastically 
increased on adding small amounts of ionic surfactant, either anionic or cationic. Ionic 
surfactants typically raises the CPT of non ionic systems since they are able to 
contribute charge on the surface of each mixed micelle, causing a electrostatic 
repulsion between the mixed micelles that led to substantial increase of CPT. Here 
addition of 0.2 wt % of SDS increases the CPT of mixture of 1 wt % TX 114 and 
5wt% NaPSS (Mw ~ 70,000) case by > 10 ºC, whereas for 1 wt % TX 114 and 5wt% 
NaPSS (Mw ~ 200,000) a decrease of 3°C was reported.  
 
This could suggest that the presence of NaPSS can complicate the formation of mixed 
micelles. A low molecular weights of NaPSS, addition of 0.2 wt% of SDS lead to the 
participation of SDS in the mixed micelles and a further charge on the surface of the 
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micelles. The higher surface charge density causes an increase in the electrostatic 
repulsion between mixed micelles being formed. This repulsive force prevents 
aggregation of micelles and consequently raises the cloud points. It could also suggest 
that since the molecular chain of NaPSS here is shorter, it could possibly enable more 
SDS anionic ions to penetrate into the inter-micellar regions of the TX 114.  
 
For 1 wt % TX- 114 and 5wt% NaPSS (Mw ~ 200,000) mixture case, 0.2wt% of SDS 
appears insufficient for penetration and charging of the micelles. Instead of raising the 
CPT, it seems to facilitate dehydration of micelles and thus a reduction of CPT. The 
longer polyelectrolyte blocks off SDS at this concentration. The SDS ions, unable to 
penetrate into the inter-micellar regions, stays in the bulk solution and hence results in 
a weaker electrostatic repulsion between micelles or a weaker barrier. 
 
However, for either Mw’s, an addition of > 0.4wt% of SDS causes the CPT of the 
systems to exceed 100°C. The strong electrostatic repulsive force results because more 
SDS ions can effectively penetrate into the inter-micellar regions of the non-ionic 
micelles, providing a higher possibility of interaction between the SDS and TX 114 
micelles. The rise in the cloud point was due to the formation of mixed micelles, which 
changed the nature of the micelle surface by a small amount of ionic surfactant.  
 
As the ionic surfactant molecules are added to the system, most of them join the non-
ionic micelles and charge the surface of the micelle. This added surface charge 
increases the repulsion between the micelles and makes it harder for them to cross the 
potential barrier, and correspondingly the cloud point is raised. Furthermore, the 
presence of interaction between similar charged entities leads to repulsive interaction 
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between anionic surfactants and polyelectrolytes. Although the CPT can be increased, 
it is impractical to get CPT values of > 100°C since it reaches the boiling point of 
water, unless clouding is not desirable for particular industrial applications. 
 
 
4.5 Effect of Anionic Polyelectrolyte, NaPSS Concentrations & 




















Figure 4.6 . The Effect of Different Molecular Size on the Clouding Point for  
TX 114 at 2wt%. 
 
 
Figure 4.6 shows the cloud point of TX 114 at 2 wt% with added NaPSS of various 
concentrations and molecular weights. One can find that the CPT increase follows the 
trend of those at 1 wt% TX 114. However, it shows that there is a reduction of CPT 
values as compared to those of similar concentrations and molecular weights of NaPSS 
at 1 wt% TX 114 systems. This could probably suggest that the molar ratio of NaPSS 
to TX 114 may be the key for the clouding behaviour of the mixtures. 
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4.6 Effect of Cationic Polyelectrolyte, PDADMAC Concentrations 




















Figure 4.7.  The Effect of Different Molecular Size and Concentration of Cationic  




















Figure 4.8.  The Effect of Different Molecular Size and Concentration of Cationic 




Figure 4.7 and 4.8 show the effect of added cationic polyelectrolyte (PDADMAC) on 
the CP of non-ionic surfactant, Triton X114 and Triton X100. The added PDADMAC 
decreases the clouding point temperature of non-ionic surfactant, Triton X 100 and 
Triton X114. But they can not decrease CP drastically like NaPSS solution. Compared 
with NaPSS, the size of PDADMAC with high MW (400,000 to 500,000) is smaller, 
so the depletion flocculation could be weaker and the clouding point cannot drop that 
much. Compared with the molecular structure of NaPSS, PDADMAC does not have 
phenyl rings which may favor molecular association.  
 
In this regard, PDADMAC can most likely give rise to depletion flocculation and 
steric barrier effect. The two effects are opposite and compete with each other. It can 
be seen from the figures that the decrease in clouding point is nearly independent of 
the PDADMAC molecular weight. The insensitivity to the molecular weight could be 











4.7 The Effect of MW on the Clouding Point Temperature of 
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1wt%TX114+NaPSS (mwt~70,000) 1wt%TX114+NaPSS (mwt~200,000)
1wt%TX114+NaPSS (mwt~1,000,000) 1wt%TX100+NaPSS(mwt~70,000)
1wt%TX100+NaPSS(mwt~200,000) 1wt%TX100+NaPSS(1,000,000)  
Figure 4.9 The Effect of Concentration of Anionic Polyelectrolyte, NaPSS on the 
Change in Clouding Point Temperature (oC). 
 
Figure 4.9 shows the change in cloud point as a function of NaPSS concentration. 
NaPSS with longer chain (Mwt~1,000,000) depressed the cloud points of non-ionic 
surfactant (Triton X-100 and Triton X-114), but NaPSS with shorter chains (Mwt~ 
70,000 and 200,000) could increase the clouding points of TX 114. In addition Triton 
X 114 and Triton X-100 are affected differently by NaPSS since the sizes of micelles 
they form are different. The aggregation numbers are 70 and 100-140 for TX 114 and 
TX 100, respectively. 
 
Koshy et.al [32] investigated the cloud points of TX 114 and TX 100 in the presence of 
PEG with different molecular weight. They observed that the cloud point is increased 
for TX 100 but decreased for TX 114. The behavior is different from that when NaPSS 
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is present. They attributed the changes to the solubilization of PEG into the POE 
mantle, leading to steric stabilization. Hydrogen bonding is responsible for the 
hydrophilic interaction and association. 
 
When the polymer chain is short, more than one polymer chain can be incorporated 
into a micelle. When the polymer chain is long, several micelles are connected by the 
polymer via wrapping (necklace model). Under this condition, the intra-chain bridging 
effect may lead to depression of cloud point. 
 
For NaPSS, its affinity towards the micelles of TX 114 and TX 100 is of hydrophobic 
origin. TX 114 has a shorter EO chain than TX 100, so it is easier for NaPSS to 
associate with TX 114. At NaPSS (Mwt~70,000 and 200,000), the association 
primarily leads to steric effect between micelles, accounting for the increase in cloud 
point. For NaPSS (Mwt~ 1,000,000), NaPSS can bridge micelles, thereby lowering the 
cloud point. 
 
We can see that clouding point changes for TX 114 is lower than for TX 100 at lower 
concentration (<2wt%) of NaPSS (Mwt~1,000,000). The different effects on the cloud 
points of Triton X114 and Triton X-100 can be considered as the different sizes of 
their micelles. As mentioned above, TritionX-114 has a shorter EO chain. Generally 
the aggregation number of micelles decreases as the chain becomes shorter, and the 
size of the micelles for a surfactant with a longer EO chain will be larger because of 
greater hydration [7]. At low enough concentrations, NaPSS with high molecular 
weight primarily gives rise to the bridging effect. This effect is stronger for TX 114 
because of the stronger affinity between the two species due to the shorter EO chain. 
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For TX 100, the depletion flocculation is comparatively important, in particular for 
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1wt%TX114+PDADMAC(Very low MW) 1wt%TX114+PDADMAC(High MW)
1wt%TX100+PDADMAC(Very low MW) 1wt%TX100+PDADMAC(High MW)
 
Figure 4.10 The Effect of Concentration of Cationic Polyelectrolyte, PDADMAC 
on the Change in Clouding Point Temperature (oC).  
 
For PDADMAC, the clouding point temperature is always decreased for both Triton 
series. It can be explained by their hydrophobicity. Compared with NaPSS, 
PDADMAC has low hydrophobicity because their molecular structures don’t have 
phenyl rings. The presence of phenyl groups in NaPSS leads to the affinity with 
surfactant, and increases the hydrophobicity of the environment [33]. A phenyl group 
is considered to be equivalent to three or four carbons in a straight chain [34]. Due to 
weak affinity between PDADMAC and surfactant, the major effect of PDADMAC is 
depletion flocculation, which depresses the cloud point. This effect should depend on 
the polymer molecular weight. However, it is not the case from the experiment 
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observation. This could be caused by the high polydispersity of PDADMAC used in 
this study. 
 
4.8 Partition of Non-ionic surfactants (TX 114 and TX 100) and 
NaPSS in Separated Phases 
 
 
4.8.1  Appearances of Separated Phases 
 
 
For all the solution samples which contained the surfactants TX 114 and TX 100, two 
distinct phases were obtained after the solutions were left for phase equilibrium at 2ºC 
above their respective clouding point temperature. The top phase was clear and 
constituted the majority of the entire volume. The bottom phase appeared cloudy with 
a comparatively small amount. The top phase was also found to be much less viscous 
than the bottom one. Based on the appearances of the phases as well as fact that the 
densities of TX 114 and TX 100 are 1.06 g/mL - 1.07 g/mL which are slightly higher 
than that of water, it is highly possible that the bottom phase is surfactant rich. 
However, it is not clear based on the appearance alone, how NaPSS is partitioned in 
the two phases. 
 
When a higher TX 114 concentration was used, it was observed that the height of the 
bottom phases was almost 2-3 times higher compared to the same system of the 
original 1 wt% TtitonX-114. It suggests that most of TX 114 molecules are located in 
the lower phase, and the concentration could be rather high. 
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When C12E5 was used as the surfactant instead, there were also two separated phases 
after phase equilibrium was achieved. However, both the phases appeared slightly 
yellowish and unlike the Triton case, the bottom phase was clear and made up the 
larger fraction of the total volume. The top phase was translucent and its amount was 
small. Once again, the partition of NaPSS and C12E5 in the sample cannot be 
determined visually. Nevertheless, it was observed that as the concentration and 
molecular weights of NaPSS increases, the height of the top phase decreases as 
compared to pure C12E5 systems. This effect is exactly the same as that observed in TX 
114 systems except for the fact that due to density difference between C12E5 and TX 
114, the two phases swap their locations. 
 
But for TX 100 and NaPSS system, NaPSS of different molecular weight shows a 
similar volume ratio. Some correlation between the cloud point change and the phase 
volume ratio appears existent from the experimental observation. A relatively low 
volume ratio seems to be associated with an increase in clouding point, which can 
happen for TX 114 and C12E5. 
 
4.8.2  Component Phase Distribution Analysis using UV-Vis Spectrophotometer 
 
The original idea was to determine the concentration of TX 114 in each of the phases 
by using absorbance peaks in the UV-Vis spectrum. These peaks are due to the 
presence of the phenyl rings in TX 114 which absorb light at wavelengths of about 223 
nm and 276nm. Unfortunately, all the sample solutions containing low concentrations 
of NaPSS and TX 114 became cloudy at room temperature, and we could not get 
accurate data. So the analysis was carried out successfully for only TX 100 and 
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NaPSS. NaPSS also has phenyl rings, which show absorbance peaks at 262nm, which 
is not for from 276 nm for TX 100. As such, it is necessary to examine whether the 
individual contributions are additive. As mentioned in Chapter 3, the additivity 
verification has been done using some mixtures with known compositions. The detail 
has been given in Appendix D. Since the additivity assumption does not incur 
















































































































































































































































Figure 4.16 Distribution of NaPSS Concentration of NaPSS (Mwt~70,000)-TX 100 
mixture 
 
It can be seen from the Figures 4.11 to 4.16 above (also can see combine figure in 
Appendix E, Figure E.1) that as the concentration of NaPSS increases, the partition of 
NaPSS and TX 100 in the two phases is not affected much for most of the cases. While 
most of TX 100 is in the dense phase after separation, NaPSS is partitioned 
comparably in the two phases.  
 
This could suggest some kind of interaction between TX 100 and NaPSS since there 
exists considerable NaPSS in the bottom phase, implying that segregative phase 
separation might not be the case here. This phenomenon could be partly due to the 
molecular structure of the two components, which have phenyl rings in common. The 
affinity between these two ‘like’ groups may facilitate association between the two 
species. However, as more and more NaPSS is introduced into the system with a fixed 






























the upper phase. These polymer molecules could have behaved as barriers or exerted 
the effect of depletion flocculation.  
A comparison between different NaPSS molecular weights finds that the degree of 





















Interactions between cationic and anionic polyelectrolyte and nonionic surfactants 
were investigated in this research. To understand the interaction of polymer and 
surfactant mixture, clouding point determination and composition of each phase were 
examined. It was shown that some interactions between surfactant and polyelectrolyte 
are expected but there are some unexpected behaviors that could be important to take 
note. 
 
Mixture of non-ionic surfactant TX 114 and anionic polyelectrolyte NaPSS showed 
different clouding point temperature depending on NaPSS molecular weight. 
Increasing concentrations of NaPSS at lower molecular weights raised the clouding 
point temperature of Triton X-114, whereas larger molecular weight of NaPSS reduced 
drastically the clouding point temperature of Triton X-114. At lower MW, NaPSS has 
a barrier effect, which can hinder micellar aggregation, whereas at high MW, depletion 
flocculation arises as it drives the water molecules out of the inter-micellar spaces into 
the bulk of the aqueous solution, therefore causing the micelles to aggregate at a lower 
temperature. For C12E5 and NaPSS, the same trend is observed.  
 
For TX 100 and NaPSS clouding point depression occurs for different molecular 
weight of NaPSS. For pure surfactant solutions, the clouding point temperature of TX 
100 is higher that that of TX 114. It can be explained by polyoxyethylene chain length. 
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Compared with Triton X 114, Triton X-100 has a longer polyoxyethylene chain length. 
Because of more hydrogen bonding with the solvent, a longer oxyethylene chain has a 
greater solubility in water. When the temperature is increased, the hydration of these 
chains becomes weaker, thereby driving the micelles to aggregate. The longer 
hydrophilic head may make it more difficult for NaPSS to associate with the 
surfactant. 
 
For the TX 100- NaPSS case, the decrease in cloud point is more significant for 
NaPSS with higher molecular weight than with lower molecular weight. As mentioned 
above, association between TX 100 and NaPSS is limited, many of NaPSS molecules 
are thought to give rise to the barrier effect and depletion flocculation effect. The latter 
appears to dominate over the former, reflected by the cloud point depression. When the 
NaPSS molecular is larger, the depletion effect becomes stronger, thereby leading to a 
large drop in the cloud point temperature. 
 
For TX 114-PDADMAC and TX 100-PDADMAC cases, the addition of PDADMAC 
does not lead to a drastic drop (small decrease) in clouding point temperature. The 
ionic surfactant appears to show a very low affinity toward polyelectrolyte. As 
mentioned before, the molecular structures of NaPSS and Triton X series both contain 
phenyl rings (hydrophobic part), leading to certain affinity between the two species.  
For PDADMAC, the dominating effect should be depletion flocculation, causing the 
depression of cloud point. The effect of molecular weight is weak, probably because of 
high polydispersity of PDADMAC. 
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Addition of salt on NaPSS –TX 114 showed a more increase in the clouding point 
temperatures of NaPSS with larger molecular weights. The screening effect reduces 
the osmotic pressure difference of the polyelectrolyte because the decreased size 
increases the ability of penetration into the inter-micellar regions. Introducing SDS 
into the systems above gives rise to an even greater effect due to the electrostatic 
repulsion between the formed mixed micelles. The repulsive force prevents 
aggregation of micelles, and consequently raises the cloud points. As the concentration 
of TX 114 is increased, similar clouding point temperature trend was also observed but 
less significantly. This could possibly be due to the decreased number of polymer 
bound to each micelle. 
 
Upon heating slightly above the clouding point temperature, the mixture will separate 
into two macroscopic phases. From UV-Vis spectrum, it is found that one phase is 
surfactant rich and the other is surfactant lean.  The concentration analysis for NaPSS 
is also conducted with UV-Vis, and reveals that the polymer is comparably partitioned 
in the two phases on the contrary. It implies certain associative interactions between 
TX 100 and NaPSS. Since both species contain phenyl rings, there could be an affinity 
between these two ‘like’ groups. However, when more NaPSS is introduced into the 
system, there exists a saturation point for association of NaPSS. The excessive NaPSS 
would go to the upper phase instead. The degree of association is the highest for 




The UV-Vis absorbance analysis clearly proves that the phase separation of NaPSS-
TX 100 solutions is not segregative, even though the cloud point is decreased. 
Depletion flocculation alone cannot explain the clouding behavior. There are other 
mechanisms, such as electrostatic repulsion, and steric blocking. More insight may be 
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Appendix A  Clouding Point Temperature Data Sheet 
Table A.1 Clouding Point Temperature of 1wt% TX 114 and Different Molecular 
Weight of NaPSS 
 
 













1 1wt% TX 114 26.25 26.25 26.20 26.45
  
2 1wt%TX 114+1.0wt% NaPSS ( Mwt~ 70,000) 27.80 27.50 27.60 27.60
3 1wt%TX 114+2.0wt% NaPSS ( Mwt~ 70,000) 29.50 29.59 30.00 29.50
4 1wt%TX 114+3.0wt% NaPSS ( Mwt~ 70,000) 32.30 32.20 32.30 32.30
5 1wt%TX 114+4.0wt% NaPSS ( Mwt~ 70,000) 34.50 34.00 34.50 34.50
6 1wt%TX 114+5.0wt% NaPSS ( Mwt~ 70,000) 36.40 36.60 36.60 36.50
7 1wt%TX 114+6.0wt% NaPSS ( Mwt~ 70,000) 38.20 38.50 38.40 38.50
8 1wt%TX 114+7.0wt% NaPSS ( Mwt~ 70,000) 40.00 40.00 39.90 40.00
9 1wt%TX 114+8.0wt% NaPSS ( Mwt~ 70,000) 41.20 41.50 41.00 41.20
10 1wt%TX 114+9.0wt% NaPSS ( Mwt~ 70,000) 43.00 42.00 43.00 43.00
11 1wt%TX 114+10.0wt% NaPSS ( Mwt~ 70,000) 43.90 43.90 43.70 43.90
  
12 1wt%TX 114+0.5wt% NaPSS ( Mwt~ 200,000) 25.30 25.40 25.30 25.30
13 1wt%TX 114+1.0wt% NaPSS ( Mwt~ 200,000) 26.35 26.30 26.10 26.35
14 1wt%TX 114+1.5wt% NaPSS ( Mwt~ 200,000) 27.75 27.60 27.70 27.75
15 1wt%TX 114+2.0wt% NaPSS ( Mwt~ 200,000) 29.30 29.35 29.00 29.30
16 1wt%TX 114+3.0wt% NaPSS ( Mwt~ 200,000) 32.60 32.70 32.70 32.70
17 1wt%TX 114+4.0wt% NaPSS ( Mwt~ 200,000) 36.50 36.70 36.60 36.60
18 1wt%TX 114+5.0wt% NaPSS ( Mwt~ 200,000) 39.50 39.40 39.60 39.60
19 1wt%TX 114+6.0wt% NaPSS ( Mwt~ 200,000) 42.80 42.90 42.60 42.90
20 1wt%TX 114+7.0wt% NaPSS ( Mwt~ 200,000) 46.00 46.10 45.90 46.00
21 1wt%TX 114+8.0wt% NaPSS ( Mwt~ 200,000) 48.10 48.20 48.10 48.10
22 1wt%TX 114+9.0wt% NaPSS ( Mwt~ 200,000) 50.30 50.40 50.20 50.40
23 1wt%TX 114+10.0wt% NaPSS ( Mwt~ 200,000) 52.40 52.30 52.40 52.40
  
24 1wt%TX 114+1.0wt% NaPSS ( Mwt~ ,1000,000) 14.50 14.20 14.10 14.10
25 1wt%TX 114+2.0wt% NaPSS ( Mwt~ ,1000,000) 13.90 13.93 14.00 13.90
26 1wt%TX 114+3.0wt% NaPSS ( Mwt~ ,1000,000) 14.60 14.80 14.80 14.80




Continue from Table A.1  
 












28 1wt%TX 114+5.0wt% NaPSS ( Mwt~ ,1000,000) 19.00 18.90 18.90 18.90
29 1wt%TX 114+6.0wt% NaPSS ( Mwt~ ,1000,000) 22.00 22.10 22.00 22.00
30 1wt%TX 114+7.0wt% NaPSS ( Mwt~ ,1000,000) 22.70 22.50 22.70 22.70
31 1wt%TX 114+8.0wt% NaPSS ( Mwt~ ,1000,000) 22.90 22.80 22.80 22.80
32 1wt%TX 114+9.0wt% NaPSS ( Mwt~ ,1000,000) 22.90 22.90 22.90 22.90





















Table A.2 Clouding Point Temperature of 2 wt% TX 114 and Different Molecular 
Weight of NaPSS 
 
 













1 2wt% TX 114 27.20 27.10 27.10 27.10
  
2 2wt% TX 114+1wt% NaPSS( Mwt~70,000) 27.20 27.00 27.50 27.00
3 2wt% TX 114+2wt% NaPSS( Mwt~70,000) 27.80 27.90 28.00 28.00
4 2wt% TX 114+3wt% NaPSS( Mwt~70,000) 28.95 28.90 29.00 29.00
5 2wt% TX 114+4wt% NaPSS( Mwt~70,000) 30.20 30.30 30.10 30.20
6 2wt% TX 114+5wt% NaPSS( Mwt~70,000) 32.10 32.00 32.30 32.00
7 2wt% TX 114+6wt% NaPSS( Mwt~70,000) 32.50 32.50 32.50 32.50
8 2wt% TX 114+7wt% NaPSS( Mwt~70,000) 33.50 33.50 33.50 33.50
9 2wt% TX 114+8wt% NaPSS( Mwt~70,000) 34.30 34.50 34.40 34.50
10 2wt% TX 114+9wt% NaPSS( Mwt~70,000) 35.50 35.50 35.50 35.50
11 2wt% TX 114+10 wt% NaPSS( Mwt~70,000) 36.50 36.20 36.50 36.50
  
12 2wt%TX 114+0.9wt%NaPSS( Mwt~ 1,000,000) 17.80 17.80 17.60 17.80
13 2wt% TX 114+1wt% NaPSS( Mwt~1,000,000) 17.00 17.00 17.30 17.00
14 2wt% TX 114+2wt% NaPSS( Mwt~1,000,000) 13.50 13.30 13.30 13.30
15 2wt% TX 114+3wt% NaPSS( Mwt~1,000,000) 12.50 12.50 12.60 12.50
16 2wt% TX 114+4wt% NaPSS( Mwt~1,000,000) 13.30 13.40 13.30 13.30
17 2wt% TX 114+5wt% NaPSS( Mwt~1,000,000) 13.20 13.20 13.50 13.20
18 2wt% TX 114+6wt% NaPSS( Mwt~1,000,000) 13.50 13.50 13.50 13.50
19 2wt% TX 114+7wt% NaPSS( Mwt~1,000,000) 13.50 13.70 13.60 13.70
20 2wt% TX 114+8wt% NaPSS( Mwt~1,000,000) 13.50 13.80 13.70 13.80
21 2wt% TX 114+9wt% NaPSS( Mwt~1,000,000) 13.40 13.60 13.60 13.60










Table A.3 Clouding Point Temperature of 1 wt% C12E5  and Different Molecular 
Weight of NaPSS 
 
 











1 1wt% C12E5 30.70 30.80 30.70 30.70
  
2 1wt%C12E5+0.5wt%NaPSS(Mwt~70,000) 31.40 31.30 31.50 31.40
3 1wt% C12E5+1.0wt%NaPSS(Mwt~70,000) 32.00 32.00 31.90 32.00
4 1wt% C12E5+1.5wt%NaPSS(Mwt~70,000) 32.50 32.50 32.30 32.50
5 1wt% C12E5+2.0wt%NaPSS(Mwt~70,000) 32.90 32.80 32.90 32.90
6 1wt% C12E5+3.0wt%NaPSS(Mwt~70,000) 33.40 33.50 33.50 33.50
7 1wt% C12E5+4.0wt%NaPSS(Mwt~70,000) 34.80 34.70 34.80 34.80
8 1wt% C12E5+5.0wt%NaPSS(Mwt~70,000) 35.40 35.50 35.50 35.50
  
9 1wt% C12E5+0.5wt%NaPSS(Mwt~200,000) 30.80 30.90 30.80 30.90
10 1wt% C12E5+1.0wt%NaPSS(Mwt~200,000) 31.10 31.00 30.90 31.10
11 1wt% C12E5+1.5wt%NaPSS(Mwt~200,000) 31.40 31.30 31.40 31.40
12 1wt% C12E5+2.0wt%NaPSS(Mwt~200,000) 30.00 29.40 29.10 29.50
13 1wt% C12E5+3.0wt%NaPSS(Mwt~200,000) 30.00 29.90 30.00 30.00
14 1wt% C12E5+4.0wt%NaPSS(Mwt~200,000) 31.70 31.60 31.70 31.70
15 1wt% C12E5+5.0wt%NaPSS(Mwt~200,000) 33.30 33.40 33.20 33.20
  
16 1wt% C12E5+0.5wt%NaPSS(Mwt~1,000,000) 26.50 26.40 26.50 26.50
17 1wt% C12E5+1.0wt%NaPSS(Mwt~1,000,000) 22.50 22.50 22.30 22.50
18 1wt% C12E5+1.5wt%NaPSS(Mwt~1,000,000) 15.50 15.80 15.60 15.50











Table A.4 Clouding Point Temperature of 1 wt% TX 114 and Different Molecular 
Weight of PDADMAC 
 
 













1 1wt% TX 114 26.25 26.25 26.20 26.45
  
2 
1wt%TX 114 + 1wt% PDADMAC ( very low 
MW) 25.30 25.50 25.40 25.30
3 
1wt%TX 114 + 2wt% PDADMAC ( very low 
MW) 24.20 24.25 24.30 24.20
4 
1wt%TX 114 + 3wt% PDADMAC ( very low 
MW) 23.10 23.10 23.20 23.10
5 
1wt%TX 114 + 4wt% PDADMAC ( very low 
MW) 21.50 21.90 21.50 21.50
6 
1wt%TX 114 + 5wt% PDADMAC ( very low 
MW) 20.30 20.40 20.30 20.30
7 
1wt%TX 114 + 6wt% PDADMAC ( very low 
MW) 18.70 18.60 18.70 18.70
8 
1wt%TX 114 +7wt% PDADMAC ( very low 
MW) 17.20 17.20 17.50 17.20
9 
1wt%TX 114 + 8wt% PDADMAC ( very low 
MW) 15.70 15.80 15.70 15.70
10 
1wt%TX 114 + 9wt% PDADMAC ( very low 
MW) 14.00 14.00 13.90 14.00
11 
1wt%TX 114 + 10wt% PDADMAC ( very low 
MW) 12.30 12.50 12.30 12.30
  
12 1wt%TX 114 + 1wt% PDADMAC ( High MW) 25.70 25.60 25.70 25.70
13 1wt%TX 114 + 2wt% PDADMAC ( High MW) 24.50 24.58 24.50 24.50
14 1wt%TX 114 + 3wt% PDADMAC ( High MW) 23.20 23.20 23.30 23.20
15 1wt%TX 114 + 4wt% PDADMAC ( High MW) 22.00 22.00 22.00 22.00
16 1wt%TX 114 + 5wt% PDADMAC ( High MW) 20.50 20.50 20.30 20.50
17 1wt%TX 114 + 6wt% PDADMAC ( High MW) 19.30 19.50 19.30 19.30
18 1wt%TX 114 + 7wt% PDADMAC ( High MW) 17.80 17.60 17.80 17.80
19 1wt%TX 114 + 8wt% PDADMAC ( High MW) 16.00 16.00 15.80 16.00
20 1wt%TX 114 + 9wt% PDADMAC ( High MW) 14.30 14.30 14.50 14.30








Table A.5 Clouding Point Temperature of 1 wt% TX 100 and Different Molecular 
Weight of NaPSS 
 
 













1 1wt% TX 100 64.25 64.50 64.40 64.25
  
2 1wt% TX 100 +1.0wt% NaPSS (Mwt~1,000,000) 59.70 59.60 59.70 59.70
3 1wt% TX 100 +1.5wt% NaPSS (Mwt~1,000,000) 55.80 55.60 56.00 56.00
4 1wt% TX 100 +2.0 wt% NaPSS (Mwt~1,000,000) 53.00 54.30 54.20 54.30
5 1wt% TX 100 +3.0 wt% NaPSS (Mwt~1,000,000) 42.50 44.50 44.40 44.50
6 1wt% TX 100 +5.0 wt% NaPSS (Mwt~1,000,000) 37.00 38.00 36.00 38.00
7 1wt% TX 100 +7.0 wt% NaPSS (Mwt~1,000,000) 33.00 35.00 35.00 35.00
8 1wt% TX 100 +10.0 wt% NaPSS (Mwt~1,000,000) 31.50 32.50 32.50 32.50
  
9 1wt% TX 100 +1.0wt% NaPSS (Mwt~200,000) 60.70 60.80 60.70 60.70
10 1wt% TX 100 +1.5wt% NaPSS (Mwt~200,000) 59.90 59.90 59.80 59.90
11 1wt% TX 100 +2.0 wt% NaPSS (Mwt~200,000) 59.10 59.30 59.10 59.10
12 1wt% TX 100 +3.0 wt% NaPSS (Mwt~200,000) 58.50 58.50 58.70 58.50
13 1wt% TX 100 +5.0 wt% NaPSS (Mwt~200,000) 59.00 58.50 59.00 59.00
14 1wt% TX 100 +7.0 wt% NaPSS (Mwt~200,000) 59.80 59.70 59.80 59.80
15 1wt% TX 100 +10.0 wt% NaPSS (Mwt~200,000) 61.50 61.70 61.50 61.50
  
16 1wt% TX 100 +1.0wt% NaPSS (70,000) 62.00 62.00 62.50 62.00
17 1wt% TX 100 +1.5wt% NaPSS (70,000) 61.75 61.70 61.50 61.75
18 1wt% TX 100 +2.0 wt% NaPSS (70,000) 61.50 61.50 61.80 61.50
19 1wt% TX 100 +3.0 wt% NaPSS (70,000) 60.80 60.80 60.80 60.80
20 1wt% TX 100 +5.0 wt% NaPSS (70,000) 61.00 61.00 61.00 61.00
21 1wt% TX 100 +7.0 wt% NaPSS (70,000) 61.30 61.30 61.30 61.30









Table A.6 Clouding Point Temperature of 1 wt% TX 100 and Different Molecular 
Weight of PDADMAC 
 
 













1 1wt% TX 100 64.25 64.50 64.40 64.25
  
2 1wt%TX 100+1wt%PDADMAC(VLMW) 62.30 62.50 62.40 62.30
3 1wt%TX 100+2wt%PDADMAC(VLMW) 61.00 61.00 61.20 61.00
4 1wt%TX 100+3wt%PDADMAC(VLMW) 59.30 59.50 59.40 59.30
5 1wt%TX 100+5wt%PDADMAC(VLMW) 56.00 56.00 56.20 56.00
6 1wt%TX 100+7wt%PDADMAC(VLMW) 52.50 52.50 52.50 52.50
  
7 1wt%TX 100+1wt%PDADMAC(HMW) 62.30 62.30 62.30 62.30
8 1wt%TX 100+2wt%PDADMAC(HMW) 61.00 61.00 61.00 61.00
9 1wt%TX 100+3wt%PDADMAC(HMW) 59.00 59.00 59.00 59.00
10 1wt%TX 100+5wt%PDADMAC(HMW) 56.00 56.00 56.00 56.00
















Table A.7 Clouding Point Temperature of 1 wt% TX 100 and 5wt % NaPSS 
















1 1wt% TX 114 + 5.0 wt% NaPSS (Mwt~ 70,000) 36.40 36.60 36.60 36.50
2 
1wt%TX 114+5.0wt% NaPSS ( Mwt~ 70,000)+ 
NaCl (0.1M) 36.50 36.70 36.60 36.70
3 
1wt%TX 114+5.0wt% NaPSS ( Mwt~ 70,000)+ 
NaCl(0.5M) 37.60 37.50 37.60 37.60
4 
1wt%TX 114+5.0wt% NaPSS ( Mwt~ 70,000) 





Table A.8 Clouding Point Temperature of 1 wt% TX 100 and 5wt % NaPSS 
(Mwt~200,000) on Effect of NaCl 
 
 













1 1wt% TX 114 + 5.0 wt% NaPSS (Mwt~ 200,000) 39.50 39.40 39.60 39.60
  
2 
1wt%TX 114+5.0wt% NaPSS ( Mwt~ 200,000)+ 
NaCl(0.1M) 40.80 40.70 40.80 40.80
3 
1wt%TX 114+5.0wt% NaPSS ( Mwt~ 200,000) + 
NaCl(0.5M) 42.60 42.50 42.80 42.60
4 
1wt%TX 114+5.0wt% NaPSS ( Mwt~ 200,000) 








Table A.9 Clouding Point Temperature of 1 wt% TX 100 and 5wt % NaPSS 
(Mwt~70,000) on Effect of SDS 
 
 









1wt% TX114 + 5.0 wt% NaPSS (Mwt~ 
70,000) 36.40 36.60 36.60 36.50
  
2 
1wt%TX114+5.0wt% NaPSS ( Mwt~ 
70,000)+ 0.2wt%SDS 47.40 47.50 47.40 47.40
3 
1wt%TX114+5.0wt% NaPSS ( Mwt~ 
70,000)+ 0.4wt%SDS 110.00 108.00 110.00 110.00
4 
1wt%TX114+5.0wt% NaPSS ( Mwt~ 70,000) 






Table A.10 Clouding Point Temperature of 1 wt% TX 100 and 5wt % NaPSS 
(Mwt~200,000) on Effect of SDS 
 









1wt% TX114 + 5.0 wt% NaPSS (Mwt~ 
200,000) 39.50 39.40 39.60 39.60
  
2 
1wt%TX114+5.0wt% NaPSS ( Mwt~ 
200,000)+ 0.2wt% SDS 36.20 36.50 36.20 36.20
3 
1wt%TX114+5.0wt% NaPSS ( Mwt~ 
200,000) + 0.4wt% SDS 107.00 105.00 105.00 105.00
4 
1wt%TX114+5.0wt% NaPSS ( Mwt~ 








Appendix B Phase Separation Measurement Data Sheet 
Table B.1 Phase Separation Measurement of 1wt% TX 114 and Different 









1 1wt% TX 114 9.2 0.8
      
2 1wt%TX 114+1.0wt% NaPSS ( Mwt~ 70,000) 9.4 0.6
3 1wt%TX 114+2.0wt% NaPSS ( Mwt~ 70,000) 9.5 0.5
4 1wt%TX 114+3.0wt% NaPSS ( Mwt~ 70,000) 9.6 0.4
5 1wt%TX 114+4.0wt% NaPSS ( Mwt~ 70,000) 9.7 0.3
6 1wt%TX 114+5.0wt% NaPSS ( Mwt~ 70,000) 9.8 0.2
7 1wt%TX 114+6.0wt% NaPSS ( Mwt~ 70,000) 
No Data  
8 1wt%TX 114+7.0wt% NaPSS ( Mwt~ 70,000) 
9 1wt%TX 114+8.0wt% NaPSS ( Mwt~ 70,000) 
10 1wt%TX 114+9.0wt% NaPSS ( Mwt~ 70,000) 
11 1wt%TX 114+10.0wt% NaPSS ( Mwt~ 70,000) 
      
12 1wt%TX 114+1.0wt% NaPSS ( Mwt~ 200,000) 9.5 0.5
13 1wt%TX 114+2.0wt% NaPSS ( Mwt~ 200,000) 9.6 0.4
14 1wt%TX 114+3.0wt% NaPSS ( Mwt~ 200,000) 9.7 0.3
15 1wt%TX 114+4.0wt% NaPSS ( Mwt~ 200,000) 9.8 0.2
16 1wt%TX 114+5.0wt% NaPSS ( Mwt~ 200,000) 9.9 0.1
17 1wt%TX 114+6.0wt% NaPSS ( Mwt~ 200,000) 
No Data  
18 1wt%TX 114+7.0wt% NaPSS ( Mwt~ 200,000) 
19 1wt%TX 114+8.0wt% NaPSS ( Mwt~ 200,000) 
20 1wt%TX 114+9.0wt% NaPSS ( Mwt~ 200,000) 
21 1wt%TX 114+10.0wt% NaPSS ( Mwt~ 200,000) 
      
22 1wt%TX 114+1.0wt% NaPSS ( Mwt~ ,1000,000) 8.5 1.5
23 1wt%TX 114+2.0wt% NaPSS ( Mwt~ ,1000,000) 8.6 1.4
24 1wt%TX 114+3.0wt% NaPSS ( Mwt~ ,1000,000) 8.5 1.5
25 1wt%TX 114+4.0wt% NaPSS ( Mwt~ ,1000,000) 8.9 1.1
26 1wt%TX 114+5.0wt% NaPSS ( Mwt~ ,1000,000) 9 1
27 1wt%TX 114+6.0wt% NaPSS ( Mwt~ ,1000,000) 9.5 0.5
28 1wt%TX 114+7.0wt% NaPSS ( Mwt~ ,1000,000) 
No Data  29 1wt%TX 114+8.0wt% NaPSS ( Mwt~ ,1000,000) 
30 1wt%TX 114+9.0wt% NaPSS ( Mwt~ ,1000,000) 






Table B.2 Phase Separation Measurement of 1wt% TX 100 and Different 









1 1wt% TX 100 9 1
      
2 1wt% TX 100 +1.0wt% NaPSS (Mwt~1,000,000) 9.3 0.7
3 1wt% TX 100 +1.5wt% NaPSS (Mwt~1,000,000) 9.4 0.6
4 1wt% TX 100 +2.0 wt% NaPSS (Mwt~1,000,000) 9.5 0.5
5 1wt% TX 100 +3.0 wt% NaPSS (Mwt~1,000,000) 9.6 0.4
6 1wt% TX 100 +5.0 wt% NaPSS (Mwt~1,000,000) 9.9 0.1
7 1wt% TX 100 +7.0 wt% NaPSS (Mwt~1,000,000) 
No Data  
8 1wt% TX 100 +10.0 wt% NaPSS (Mwt~1,000,000)
      
9 1wt% TX 100 +1.0wt% NaPSS (Mwt~200,000) 9.4 0.6
10 1wt% TX 100 +1.5wt% NaPSS (Mwt~200,000) 9.45 0.55
11 1wt% TX 100 +2.0 wt% NaPSS (Mwt~200,000) 9.5 0.5
12 1wt% TX 100 +3.0 wt% NaPSS (Mwt~200,000) 9.6 0.4
13 1wt% TX 100 +5.0 wt% NaPSS (Mwt~200,000) 9.9 0.1
14 1wt% TX 100 +7.0 wt% NaPSS (Mwt~200,000) 
No Data  
15 1wt% TX 100 +10.0 wt% NaPSS (Mwt~200,000) 
      
16 1wt% TX 100 +1.0wt% NaPSS (70,000) 9.4 0.6
17 1wt% TX 100 +1.5wt% NaPSS (70,000) 9.45 0.55
18 1wt% TX 100 +2.0 wt% NaPSS (70,000) 9.5 0.5
19 1wt% TX 100 +3.0 wt% NaPSS (70,000) 9.6 0.4
20 1wt% TX 100 +5.0 wt% NaPSS (70,000) 9.9 0.1
21 1wt% TX 100 +7.0 wt% NaPSS (70,000) 
No Data  
22 1wt% TX 100 +10.0 wt% NaPSS (70,000) 











Appendix C Calibration Curve for NaPSS and TX 100 
 
Appendix C-1  Calibration Curve Data Sheet 
 
Table C.1 Absorbance Data from UV/Vis Analysis for NaPSS (Mwt~ 






 at 262nm   at 276nm  
      
100 0.1454 0.0377 
200 0.2911 0.0735
300 0.4359 0.1085
400 0.5742 0.1439 
500 0.7175 0.1794 
600 0.8732 0.2195 
700 1.0093 0.2534 
800 1.1475 0.2848 
 
 
Table C.2 Absorbance Data from UV/Vis Analysis for NaPSS (Mwt~ 200,000)’s 





at 262nm   at 276nm  
      
100 0.3137 0.1364 
200 0.5876 0.2373 
300 0.8884 0.3462 
400 1.1597 0.4459 
500 1.4373 0.5497 
600 1.7131 0.645 
700 1.9907 0.7479 






Table C.3 Absorbance Data from UV/Vis Analysis for NaPSS (Mwt~ 70,000)’s 





 at 262nm at 276nm  
      
100 0.3712 0.1527 
200 0.7339 0.2942 
300 1.0955 0.4351 
400 1.4423 0.5693 
500 1.8313 0.7186 
600 2.1971 0.8641 
700 2.5425 1.0087 
800 2.8625 1.1335 
 
 






 at 262nm at 276nm  
      
100 0.1068 0.2257 
200 0.1995 0.4271 
300 0.2991 0.6587 
400 0.3948 0.9231 
500 0.4869 1.1552 
600 0.5797 1.3877 
700 0.6823 1.647 














































TX 100 Linear (TX 100)
 














































NaPSS (1,000,000) Linear (NaPSS (1,000,000))
 


























NaPSS (1,000,000) Linear (NaPSS (1,000,000))
 
























NaPSS (200,000) Linear (NaPSS (200,000))
 




























































NaPSS (70,000) Linear (NaPSS (70,000))
 


























NaPSS (70,000) Linear (NaPSS (70,000))
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Figure C.11.     NaPSS (Mwt~200,000) Standards UV-Vis Spectra 
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NaPSS 400ppm NaPSS 500ppm NaPSS 600ppm
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Appendix D  Mixture and Pure Species Absorbance Data sheet 
Table D-1.  Absorbance Data of the Pure and Mixture of TX 100 and NaPSS 
















100 + 200 
ppm 
NaPSS(1M) 0.1995 0.2911 0.4746 0.4906 0.016 3.37126 
262nm 
200ppm TX 
100 + 400 
ppm 
NaPSS(1M) 0.1995 0.5742 0.7385 0.7737 0.0352 4.7664184 
400ppm TX 
100 + 200 
ppm 














100 + 200 
ppm 
NaPSS(1M) 0.4271 0.0735 0.4951 0.5006 0.0055 1.1108867 
276nm 
200ppm TX 
100 + 400 
ppm 
NaPSS(1M) 0.4271 0.1439 0.5593 0.571 0.0117 2.0919006 
400ppm TX 
100 + 200 
ppm 
NaPSS(1M) 0.9231 0.0735 0.9889 0.9966 0.0077 0.7786429 
 
Calculated Absorbance= Absorbance of TX 100 + Absorbance of NaPSS 




Table D-2.  Absorbance Data of the Pure and Mixture of TX 100 and NaPSS 















200ppm TX 100 
+ 200 ppm 
NaPSS(200,000) 
0.199




200ppm TX 100 
+ 400 ppm 
NaPSS(200,000) 
0.199
5 1.1597 1.3177 1.3592 0.0415 3.149427 
400ppm TX 100 
+ 200 ppm 
NaPSS(200,000) 
0.394















200ppm TX 100 
+ 200 ppm 
NaPSS(200,000) 0.4271 0.2373 0.6295 0.6644 0.0349 5.5440826 
276nm 
200ppm TX 100 
+ 400 ppm 
NaPSS(200,000) 0.4271 0.4459 0.8671 0.873 0.0059 0.680429 
400ppm TX 100 
+ 200 ppm 
NaPSS(200,000) 0.9231 0.2373 1.1229 1.1604 0.0375 3.3395672 
 
Calculated Absorbance= Absorbance of TX 100 + Absorbance of NaPSS 







Table D-3.  Absorbance Data of the Pure and Mixture of TX 100 and NaPSS 















100 + 200 ppm 
NaPSS(70,000) 0.1995 0.7339 0.9681 0.9334 -0.0347 -3.584340 
262nm 
200ppm TX 
100 + 400 ppm 
NaPSS(70,000) 0.1995 1.4423 1.6936 1.6418 -0.0518 -3.058573 
400ppm TX 
100 + 200 ppm 















100 + 200 ppm 
NaPSS(70,000) 0.4271 0.2942 0.7549 0.7213 -0.0336 -4.450920 
276nm 
200ppm TX 
100 + 400 ppm 
NaPSS(70,000) 0.4271 0.5693 1.0131 0.9964 -0.0167 -1.648405 
400ppm TX 
100 + 200 ppm 
NaPSS(70,000) 0.9231 0.2942 1.1903 1.2173 0.027 2.2683357 
 
Calculated Absorbance= Absorbance of TX 100 + Absorbance of NaPSS 




















































































400 ppmTX100 and 200 ppm NaPSS (1M)
400 ppm TX100






























200 ppm TX100 and 200 ppm NaPSS solution
200 ppm TX100































































400ppm TX100 and 200ppm NaPSS(200,000)
400 ppm TX100




























200 ppm TX100 and 200 ppm NaPSS( 70,000)
200 ppm TX100




























































200ppm TX100 and 400 ppm NaPSS (70,000)
200 ppm TX100

























Appendix E  UV –Vis Absorbance Analysis (Phase Distribution) 
 
Table E-1 Summary of Calibration Curve Equation  
  Absorbance at 276 nm Absorbance at 262nm 
TX 100 y=0.0023 x y= 0.001 x 
NaPSS (Mwt~1,000,000) y= 0.0004 x y= 0.0014 x 
NaPSS (Mwt~200,000) y= 0.0011 x y= 0.0029 x 
NaPSS(Mwt~70,000) y= 0.0014 x y= 0.0036 x 
 
 





Batch 1 Batch 2 Batch 3
1wt%TX 100 +1 wt%NaPSS(1M) 
Lower 262 0.3834 0.3959 0.381
276 0.7815 0.808 0.7827
Upper 262 0.1028 0.1123 0.1005
276 0.0786 0.0917 0.0802
1wt%TX 100 +1.5wt%NaPSS(1M) 
Lower 262 0.2336 0.2336 0.2336
276 0.2974 0.2974 0.2974
Upper 262 0.1567 0.1567 0.1567
276 0.1285 0.1285 0.1285
1wt%TX 100 +2wt%NaPSS(1M) 
Lower 262 0.2545 0.2909 0.2825
276 0.2795 0.365 0.3591
Upper 262 0.1962 0.1908 0.1821
276 0.1415 0.1302 0.1219
1wt%TX 100 +3wt%NaPSS(1M) 
Lower 262 0.2794 0.2794 0.3314
276 0.2461 0.2461 0.3262
Upper 262 0.2638 0.2638 0.249








Continue from Table E-2, 




Batch 1 Batch 2 Batch 3 
1wt%TX 100 +1 
wt%NaPSS(200,000) 
Lower 262 0.6724 0.6455 0.6682
276 1.1812 1.1162 1.173
Upper 262 0.1646 0.1671 0.1581
276 0.1052 0.1101 0.1
1wt%TX 100 
+1.5wt%NaPSS(200,000) 
Lower 262 0.7322 0.7322 0.7322
276 1.1198 1.1198 1.1198
Upper 262 0.2327 0.2327 0.2327
276 0.1326 0.1326 0.1326
1wt%TX 100 
+2wt%NaPSS(200,000) 
Lower 262 0.7872 0.786 0.8232
276 1.0671 1.0638 1.1329
Upper 262 0.3114 0.3098 0.3073
276 0.1726 0.1743 0.1678
1wt%TX 100 
+3wt%NaPSS(200,000) 
Lower 262 0.9929 0.9929 0.9998
276 1.1661 1.1661 1.17
Upper 
262 0.4558 0.4558 0.4446
276 0.2356 0.2356 0.2219
 
  
  wavelength 
(nm) 
Absorbance 
Batch 1 Batch 2 Batch 3 
1wt%TX 100 +1 
wt%NaPSS(70,000) 
Lower 262 0.7507 0.7999 0.7722
276 1.4183 1.5276 1.4709
Upper 262 0.2065 0.2141 0.2031
276 0.1124 0.1227 0.1101
1wt%TX 100 
+1.5wt%NaPSS(70,000) 
Lower 262 0.7815 0.7815 0.7815
276 1.2792 1.2792 1.2792
Upper 262 0.3018 0.3018 0.3018
276 0.1531 0.1531 0.1531
1wt%TX 100 +2wt%NaPSS(70,000) 
Lower 262 0.9325 0.9999 0.9259
276 1.4271 1.604 1.4296
Upper 262 0.3882 0.3918 0.3899
276 0.1846 0.1984 0.1901
1wt%TX 100 
+3wt%NaPSS(200,000) 
Lower 262 1.1833 1.1833 1.1935
276 1.6099 1.6099 1.6176
Upper 
262 0.5907 0.5907 0.5767










Batch 1 (Concentration after dilution)* Batch 2 (Concentration after dilution)* Batch 3 (Concentration after dilution)* 
TX 100  NaPSS TX 100  NaPSS TX 100  NaPSS 
Lower Upper Lower  Upper Lower Upper Lower  Upper Lower Upper Lower  Upper 
1wt%TX 100+1wt%NaPSS( 1M) 333.5957 24.4397 35.5745 55.9716 344.9787 29.5957 36.3723 59.0745 334.5319 25.5603 33.1915 53.5284 
1wt%TX 100+1.5wt%NaPSS( 1M) 114.5106 41.5674 85.0638 82.2376 114.5106 41.5674 85.0638 82.2376 114.5106 41.5674 85.0638 82.2376 
1wt%TX 100+2wt%NaPSS( 1M) 102.6596 42.4184 108.4574 109.844 139.9433 37.5745 107.8262 109.4468 138.2057 34.6879 103.0674 105.2943 
1wt%TX 100+3wt%NaPSS( 1M) 82.5461 40.8227 140.6099 159.2695 82.5461 40.8227 140.6099 159.2695 114.9362 32.2979 154.617 154.7872 
  
TX 100  NaPSS TX 100  NaPSS TX 100  NaPSS 
Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper Lower Upper 
1wt%TX 100+1wt%NaPSS( 200,000) 482.1975 22.2657 65.5871 49.0808 453.6679 24.3232 66.149 49.2334 478.7576 20.842 65.325 47.3303 
1wt%TX 100+1.5wt%NaPSS( 200,000) 438.4201 23.0826 101.3034 72.2819 438.4201 23.0826 101.3034 72.2819 438.4201 23.0826 101.3034 72.2819 
1wt%TX 100+2wt%NaPSS( 200,000) 400.1203 28.3662 133.4758 97.5978 398.6391 29.5673 133.5727 96.632 427.2693 26.6768 136.5278 96.7666 
1wt%TX 100+1wt%NaPSS( 200,000) 411.0413 32.6499 200.6409 145.9138 411.0413 32.6499 200.6409 145.9138 411.7092 27.7289 202.7899 143.7487 
  
TX 100  NaPSS TX 100  NaPSS TX 100  NaPSS 
Lower Upper Lower  Upper Lower Upper Lower  Upper Lower Upper Lower  Upper 
1wt%TX 100+1wt%NaPSS( 70,000) 589.375 16.7936 44.8125 52.6962 636.5552 20.6366 45.3735 53.7398 612.5233 16.282 44.3547 51.8939 
1wt%TX 100+1.5wt%NaPSS( 70,000) 510.3227 18.6977 75.327 78.6395 510.3227 18.6977 75.327 78.6395 510.3227 18.6977 75.327 78.6395 
1wt%TX 100+2wt%NaPSS( 70,000) 556.9855 17.5988 104.3096 102.9448 635.8343 24.0872 101.1294 102.1424 559.6366 20.1308 101.7398 102.7137 
1wt%TX 100+3wt%NaPSS( 70,000) 601.6017 27.7238 161.5828 156.3823 601.6017 27.7238 161.5828 156.3823 603.5552 23.6134 163.8735 153.6352 
* [Slope NaPSS at 276nm * Concentration NaPSS+ Slope TX 100 at 276nm * Concentration TX 100 =  Absorbance (TX 100+NaPSS)mixture at 276nm    -------------------(1) 
Slope NaPSS at 262nm x Concentration NaPSS+ Slope TX 100 at 262nm * Concentration TX 100 =  Absorbance (TX 100+NaPSS)mixture at 262nm    ---------------------(2) 
By solving equation (1) and (2), 
Concentration TX 100 after dilution and Concentration NaPSS after dilution can get.] 
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Table E-4 Calculation for Species Distribution in Phases Data Sheet 
  
Actual Concentration in separated phases Phase Distribution (%) 
TX 100 NaPSS TX 100 NaPSS 
Lower Upper Lower Upper Lower Upper Lower Upper 
1wt%TX 100+1wt%NaPSS (Mwt 1M) 67540.42 5306.38 7009.22 11238.3 92.7157 7.284301 38.4119 61.5881
1wt%TX 100+1.5wt%NaPSS (Mwt 1M) 22902.12 8313.48 17012.76 16447.52 73.36755 26.63245 50.84464 49.15536
1wt%TX 100+2wt%NaPSS (Mwt 1M) 25387.24 7645.387 21290.07 21639.01 76.85504 23.14496 49.59359 50.40641
1wt%TX 100+3wt%NaPSS (Mwt 1M) 19748.23 7312.06 29522.69 31405.67 72.97863 27.02137 48.45476 51.54524
            
  
Actual Concentration in separated phases Phase Distribution (%) 
TX 100 NaPSS TX 100 NaPSS 
Lower Upper Lower Upper Lower Upper Lower Upper 
1wt%TX 100+1wt%NaPSS (Mwt 200,000) 94308.2 4495.393 13137.41 9709.633 95.45017 4.549828 57.50157 42.49843
1wt%TX 100+1.5wt%NaPSS (Mwt 200,000) 87684.02 4616.52 20260.68 14456.38 94.99838 5.001618 58.35943 41.64057
1wt%TX 100+2wt%NaPSS (Mwt 200,000) 81735.25 5640.687 26905.09 19399.76 93.54435 6.455653 58.10426 41.89574
1wt%TX 100+3wt%NaPSS (Mwt 200,000) 82275.05 6037.88 40343.08 28966.25 93.16308 6.836915 58.20729 41.79271
            
  
Actual Concentration in separated phases Phase Distribution (%) 
TX 100 NaPSS TX 100 NaPSS
Lower Upper Lower Upper Lower Upper Lower Upper 
1wt%TX 100+1wt%NaPSS (Mwt 70,000) 122563.6 3580.813 8969.38 10555.33 97.16134 2.838663 45.93862 54.06138
1wt%TX 100+1.5wt%NaPSS (Mwt 70,000) 102064.5 3739.54 15065.4 15727.9 96.4656 3.534401 48.92428 51.07572
1wt%TX 100+2wt%NaPSS (Mwt 70,000) 116830.4 4121.12 20478.59 20520.06 96.59275 3.407249 49.94942 50.05058
1wt%TX 100+3wt%NaPSS (Mwt 70,000) 120515.7 5133.72 32545.63 31001.75 95.91425 4.085749 51.21475 48.78525
Con (actual) * 1 = Con (from eq) * 200 (200 times dilution) 
Phase distribution %   TX 100 lower= Con TX 100 Lower /( Con TX 100 Lower+ Con TX 100 Upper) *100 
Phase distribution % TX 100 upper= Con TX 100 upper /( Con TX 100 Lower+ Con TX 100 Upper) *100 
Phase distribution %  NaPSS lower= Con NaPSS Lower /( Con NaPSS Lower+ Con NaPSS Upper) *100 


































Figure E.2. Distribution of NaPSS and TX 100 Concentration of NaPSS and TX 100 mixture. 
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Appendix F Mass Balance Analysis 
Table F-1 Comparison of Mass Balance Analysis from Experimental and 
Calculated Data (1wt% TX 100 and NaPSS (Mwt~1,000,000)) 
 
 
1wt%TX 100+1wt%NaPSS( Mwt~1,000,000) 
     
  Batch 1 Batch 2 Batch 3 Average 
total Con upper  * Height upper (ppm.cm) 149565.018 164926.572 147104.982 153865.524
total Con Lower*Height Lower (ppm.cm) 51683.828 53389.14 51481.276 52184.748
  
total Con (exp)(ppm) 20124.8846 21831.5712 19858.6258 20605.0272
total Con (calculated)(ppm) 20000 20000 20000 20000
     
1wt%TX 100+1.5wt%NaPSS( Mwt~1,000,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 232753.4 232753.4 232753.4 232753.4
total Con Lower*Height Lower (ppm.cm) 23948.928 23948.928 23948.928 23948.928
total Con (exp)(ppm) 25670.2328 25670.2328 25670.2328 25670.2328
total Con (calculated)(ppm) 25000 25000 25000 25000
     
1wt%TX 100+2wt%NaPSS( Mwt~1,000,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 289298.56 279340.47 265966.18 278201.7367
total Con Lower*Height Lower (ppm.cm) 21111.7 24776.95 24127.31 23338.65333
  
total Con (exp)(ppm) 31041.026 30411.742 29009.349 30154.039
total Con (calculated)(ppm) 30000 30000 30000 30000
     
1wt%TX 100+3wt%NaPSS( Mwt~1,000,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 384177.024 384177.024 359203.392 375852.48
total Con Lower*Height Lower (ppm.cm) 17852.48 17852.48 21564.256 19089.73867
  
total Con (exp)(ppm) 40202.9504 40202.9504 38076.7648 39494.22187
total Con (calculated)(ppm) 40000 40000 40000 40000
CocentrationTotal * Heighttotal = Concentrationupper * Heightupper + Concentrationlower * Heightupper 
Calculated Concentration (example) 
1wt% = =10,000 mg/ lit of solvent (water) =10,000 ppm  
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Table F-2 Comparison of Mass Balance Analysis from Experimental and 
Calculated Data (1wt% TX 100 and NaPSS (Mwt~200,000)) 
 
1wt%TX 100+1wt%NaPSS( Mwt~200,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 134131.42 138286.408 128163.924 133527.2507
total Con Lower*Height Lower (ppm.cm) 65734.152 62378.028 65289.912 64467.364
  
total Con (exp)(ppm) 19986.5572 20066.4436 19345.3836 19799.46147
total Con (calculated)(ppm) 20000 20000 20000 20000
     
1wt%TX 100+1.5wt%NaPSS( Mwt~200,000) 
     
  Batch 1 Batch 2 Batch3 Average
total Con upper  * Height upper (ppm.cm) 180238.905 180238.905 180238.905 180238.905
total Con Lower*Height Lower (ppm.cm) 59369.585 59369.585 59369.585 59369.585
  
total Con (exp)(ppm) 23960.849 23960.849 23960.849 23960.849
total Con (calculated)(ppm) 25000 25000 25000 25000
     
1wt%TX 100+2wt%NaPSS( Mwt~200,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 239331.6 239778.67 234542.46 237884.2433
total Con Lower*Height Lower (ppm.cm) 53359.61 53221.18 56379.71 54320.16667
  
total Con (exp)(ppm) 29269.121 29299.985 29092.217 29220.441
total Con (calculated)(ppm) 30000 30000 30000 30000
  
1wt%TX 100+3wt%NaPSS( Mwt~200,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 329236.992 342842.304 329236.992 333772.096
total Con Lower*Height Lower (ppm.cm) 49159.928 48934.576 49159.928 49084.81067
  
total Con (exp)(ppm) 37839.692 39177.688 37839.692 38285.69067
total Con (calculated)(ppm) 40000 40000 40000 40000
 
CocentrationTotal * Heighttotal = Concentrationupper * Heightupper + Concentrationlower * Heightupper 
Calculated Concentration (example) 




Table F-3 Comparison of Mass Balance Analysis from Experimental and 
Calculated Data (1wt% TX 100 and NaPSS (Mwt~70,000)) 
 
1wt%TX 100+1wt%NaPSS( Mwt~70,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 130640.824 139827.632 128170.692 132879.716
total Con Lower*Height Lower (ppm.cm) 76102.5 81831.444 78825.36 78919.768
  
total Con (exp)(ppm) 20674.3324 22165.9076 20699.6052 21179.9484
total Con (calculated)(ppm) 20000 20000 20000 20000
     
1wt%TX 100+1.5wt%NaPSS( Mwt~70,000) 
     
  Batch 1 Batch 2 Batch3 Average
total Con upper  * Height upper (ppm.cm) 183967.308 183967.308 183967.308 183967.308
total Con Lower*Height Lower (ppm.cm) 64421.467 64421.467 64421.467 64421.467
  
total Con (exp)(ppm) 24838.8775 24838.8775 24838.8775 24838.8775
total Con (calculated)(ppm) 25000 25000 25000 25000
     
1wt%TX 100+2wt%NaPSS( Mwt~70,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 229032.84 239836.24 233404.55 234091.21
total Con Lower*Height Lower (ppm.cm) 66129.51 73696.37 66137.64 68654.50667
  
total Con (exp)(ppm) 29516.235 31353.261 29954.219 30274.57167
total Con (calculated)(ppm) 30000 30000 30000 30000
  
1wt%TX 100+3wt%NaPSS( Mwt~70,000) 
     
  Batch 1 Batch 2 Batch3 Average 
total Con upper  * Height upper (ppm.cm) 340317.312 353483.712 340317.312 344706.112
total Con Lower*Height Lower (ppm.cm) 61394.296 61054.76 61394.296 61281.11733
  
total Con (exp)(ppm) 40171.1608 41453.8472 40171.1608 40598.72293
total Con (calculated)(ppm) 40000 40000 40000 40000
 
CocentrationTotal * Heighttotal = Concentrationupper * Heightupper + Concentrationlower * Heightupper 
Calculated Concentration (example) 
1wt% = =10,000 mg/ lit of solvent (water) =10,000 ppm  
